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El Modelo Esta´ndar (SM) [1–5] de las interacciones fundamentales esta´ basado en la simetr´ıa
gauge SU(3)C ×SU(2)L×U(1)Y y proporciona el marco indiscutible de la F´ısica de Part´ıculas.
Este modelo describe con gran e´xito la mayor´ıa de los feno´menos conocidos y, de hecho, el
acuerdo entre sus predicciones y los datos experimentales es excelente, en algunas casos con
una precisio´n mayor del 1%. Una de las predicciones que necesita au´n ser verificada es la
existencia del llamado boso´n de Higgs [6–9]. Esta part´ıcula aparece como una consecuencia del
mecanismo de ruptura esponta´nea de la simetr´ıa electrode´bil, necesaria para explicar el origen
de las masas de los fermiones y de los bosones gauge. El valor de la masa del boso´n de Higgs no
se predice dentro del SM y, en consecuencia, la bu´squeda experimental se realiza sobre un rango
de valores posibles. Dada la ausencia actual de sen˜ales significativas del boso´n de Higgs, los
experimentos fijan un l´ımite inferior a su masa de mHSM > 114.4 GeV al 95% C.L. [10]. Aunque
la u´ltima confirmacio´n del SM ser´ıa el descubrimiento experimental del boso´n de Higgs, este
modelo todav´ıa tiene algunos problemas, tanto teo´ricos como experimentales, que requieren la
introduccio´n de nueva f´ısica para ser resueltos.
En primer de lugar, hay una importante evidencia experimental que sugiere que el SM deber´ıa
extenderse de alguna manera. El SM se construyo´ bajo la hipo´tesis de que los neutrinos de las
tres generaciones eran part´ıculas sin masa. En los u´ltimos an˜os, la observacio´n experimental de
oscilaciones de neutrinos, descubiertas por primera vez por la colaboracio´n Super-Kamiokande y
confirmadas despue´s por otros experimentos [11–19], indica que los neutrinos tienen masa. Estas
oscilaciones tambie´n aportan informacio´n importante sobre los a´ngulos de mezcla de los neutrinos
de la matriz Maki-Nakagawa-Sakata (UPMNS) [20–22]. Este hecho representa la primera sen˜al
experimental clara de existencia de f´ısica ma´s alla´ del SM. Como hemos dicho, el SM no incluye
masas para los neutrinos en su formulacio´n usual, por lo que es necesario modificarlo para tener
en cuenta estas masas.
Las pequen˜as masas de los neutrinos, sugeridas por los experimentos, pueden explicarse por
el mecanismo de seesaw de generacio´n de masas de neutrinos [23–37]. En su versio´n ma´s simple
(llamada seesaw Tipo I), este mecanismo asume la existencia de neutrinos dextro´giros νR con
una masa de Majorana muy grande en comparacio´n con la escala electrode´bil (EW) v = 174
1
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GeV y que se acoplan a los neutrinos levo´giros mediante acoplos de Yukawa Yν . Por lo tanto,
este mecanismo explica de manera simple y elegante las masas pequen˜as mν en te´rminos de
dos escalas de masa muy distantes, mM y la masa de Dirac, mD, que se relaciona con v por
mD = vYν . Las propiedades de los autoestados de masa de los neutrinos dentro del mecanismo
de seesaw pueden derivarse fa´cilmente considerando el l´ımite mD ≪ mM . Por ejemplo, en el
caso de una u´nica generacio´n, obtenemos dos autoestados de masa de Majorana, uno muy ligero
compuesto predominantemente de νL y con una masa alrededor dem
2
D/mM , y otro muy pesado,
formado en su mayor´ıa por νR y con una masa cercana a mM . En consecuencia, para obtener
una masa de neutrinos ligera en el rango de 0.1 − 1 eV con acoplamientos de Yukawa de orden
1, la masa de Majorana mM debe ser del orden de 10
14 GeV o incluso mayor. La componente
νR del autoestado ligero y, correspondientemente, la componente νL del autoestado pesado
esta´n suprimidas por los factores mD/mM , y pueden por tanto despreciarse. Estos argumentos
pueden generalizarse al caso de tres generaciones con tres neutrinos dextro´giros, y dentro de este
modelo de seesaw los datos experimentales de las masas y mezclas de los neutrinos se pueden
acomodar satisfactoriamente. No´tese que tambie´n es posible conseguir compatibilidad con los
datos experimentales con tan so´lo dos νR, sin embargo, en esta tesis consideraremos tres νR por
similitud con el resto de fermiones.
Otra caracter´ıstica llamativa del mecanismo de seesaw con tres neutrinos dextro´giros es que
la masa de Majorana produce violacio´n del nu´mero lepto´nico, necesaria para una barioge´nesis
satisfactoria via leptoge´nesis [38]. Dentro del contexto de leptoge´nesis, la asimetr´ıa bario´nica
del universo (BAU) que se observa experimentalmente puede explicarse mediante las desinte-
graciones fuera del equilibrio de los mismos neutrinos dextro´giros pesados.
A pesar de todo, la existencia de estas dos escalas de masa tan separadas, la escala elec-
trode´bil y la escala mM que, como se ha dicho previamente, explican elegantemente las masas
ligeras de los neutrinos y que tambie´n pueden proporcionar una BAU satisfactoria, pueden in-
ducir un serio problema de jerarqu´ıas, similar al que ocurre en el SM. El llamado problema de
la jerarqu´ıa del SM se debe a la inestabilidad del sector de Higgs bajo correcciones radiativas
al introducir una nueva escala grande de energ´ıa asociada a nueva f´ısica, como por ejemplo
la escala de Planck, MP , donde los efectos cua´nticos gravitacionales llegan a ser importantes.
Esta inestabilidad se puede ver claramente en las correcciones radiativas a la masa del boso´n
de Higgs, mH . Argumentos de naturalidad sugieren que esta masa deber´ıa encontrarse cerca
del valor de v = 174 GeV que fija la escala de energ´ıa de la f´ısica electrode´bil. No obstante,
se sabe que la masa del Higgs recibe correcciones cua´nticas enormes de los efectos virtuales de
cada part´ıcula a la que se acopla, que desplazan los valores iniciales del orden de 100 GeV a
valores del orden de la nueva escala f´ısica. Esto ocurre porque las funciones a dos puntos del
campo de Higgs del SM son sensibles cuadra´ticamente al cut-off usado para regular la integral
de loop. Cuando el SM es considerado no como una teor´ıa fundamental sino como una teor´ıa
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efectiva, este cut-off se interpreta como la escala de energ´ıa a la cual la nueva f´ısica comienza a
alterar el comportamiento a altas energ´ıas de la teor´ıa. Por consiguiente, si esta escala es del
orden de MP , donde necesariamente hay nueva f´ısica implicada, las correcciones cua´nticas a la
masa del Higgs mencionadas son aproximadamente 30 o´rdenes de magnitud ma´s grandes que el
valor inicial de O(100) GeV.
En el caso de los modelos de seesaw, los neutrinos dextro´giros pesados, que se acoplan al
campo de Higgs, son los responsables de producir las correcciones radiativas peligrosas a la masa
del Higgs. Por lo tanto, una simple extensio´n del SM con tres neutrinos νR y el mecanismo de
seesaw para generar masas ligeras de neutrinos (llamada aqu´ı SM-seesaw) no es completamente
satisfactoria.
La introduccio´n de una nueva simetr´ıa, llamada supersimetr´ıa (SUSY) [39–41], suele ser la
solucio´n favorita a este problema de la jerarqu´ıa. SUSY relaciona fermiones y bosones de tal
manera que las nuevas part´ıculas compensan exactamente todas las contribuciones cuadra´ticas
no deseadas a las masas escalares, solucionando el problema de la jerarqu´ıa del SM. Por otro
lado, esta extensio´n supersime´trica del SM puede incorporar tambie´n el mecanismo de seesaw
para generar las masas de los neutrinos satisfactoriamente. Estos modelos SUSY-seesaw no
presentan entonces el problema de la jerarqu´ıa.
El Modelo Esta´ndar Supersime´trico Mı´nimo (MSSM) es la versio´n supersime´trica mı´nima
del SM que incorpora un compan˜ero supersime´trico por cada part´ıcula del SM, con la misma
masa y mismos nu´meros cua´nticos pero con una diferencia de spin de media unidad [42–46].
Por tanto, un nuevo compan˜ero boso´nico es asignado a cada fermio´n del SM y, correspondi-
entemente, se an˜ade un nuevo compan˜ero fermio´nico a cada boso´n del SM. Se llama mı´nimo
porque contiene el mı´nimo nu´mero de supersimetr´ıas posibles (N = 1) y, por lo tanto, el mı´nimo
contenido de part´ıculas supersime´tricas. Con la introduccio´n de esta simetr´ıa que relaciona
bosones y fermiones es posible garantizar que todas las divergencias cuadra´ticas en las auto-
energ´ıas escalares se cancelan. Para implementar el mecanismo de seesaw dentro del MSSM,
introducimos adema´s tres neutrinos dextro´giros y sus tres supercompan˜eros correspondientes, los
sneutrinos. De manera similar al caso SM-seesaw, dentro de esta versio´n MSSM-seesaw tambie´n
podemos acomodar satisfactoriamente los datos experimentales de neutrinos. La ventaja del
MSSM-seesaw respecto al SM-seesaw es la ausencia del problema de la jerarqu´ıa.
Sin embargo, es bien conocido que SUSY no puede ser una simetr´ıa exacta del espectro de
part´ıculas observado y, por lo tanto, tiene que estar rota en la naturaleza, ya que hasta ahora
no se han encontrado part´ıculas supersime´tricas en los experimentos [10]. Aunque todav´ıa no se
conoce bien el mecanismo de ruptura de SUSY, los te´rminos de ruptura de SUSY que aparecen
en el lagrangiano deben preservar las buenas propiedades de supersimetr´ıa. En concreto, estos
te´rminos de ruptura de SUSY tienen que ser suaves [47], de tal manera que la cancelacio´n de
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divergencias cuadra´ticas se de´ todav´ıa. Adema´s, deben proporcionar masas apropiadas para las
part´ıculas SUSY, para que sean ma´s pesadas que las de sus compan˜eras del SM. No obstante,
debido a la ruptura de SUSY pueden surgir otros problemas. En el escenario ma´s general,
uno de los problemas ma´s serios es la existencia de no alineamiento entre las matrices de masa
de los fermiones y los sfermiones. En este caso, estas dos matrices no son simulta´neamente
diagonales en sabor y, en consecuencia, pueden generarse procesos inaceptables que cambian el
sabor. Este es el llamado problema supersime´trico del sabor, que ocurre porque el mencionado
no alineamiento entre fermiones y sfermiones conduce a nuevas interacciones intergeneracionales
a nivel a´rbol, que puestas en los loops de los procesos que cambian el sabor pueden producir
contribuciones grandes, en contradiccio´n con los datos experimentales.
La mejor evidencia de supersimetr´ıa ser´ıa por supuesto el descubrimiento de part´ıculas SUSY
en cualquiera de los colisionadores actuales o futuros. Sin embargo, el hecho de que SUSY tiene
que estar rota en la naturaleza indica que las masas de las part´ıculas supersime´tricas deben ser
ma´s pesadas que sus correspondientes compan˜eras del SM y, de hecho, podr´ıan ser mucho ma´s
grandes que las energ´ıas alcanzadas en los experimentos. Por tanto, podr´ıa ocurrir que algu-
nas de estas part´ıculas fueran demasiado pesadas para ser producidas directamente incluso en
los pro´ximos colisionadores como el Gran Colisionador de Hadrones (LHC) del CERN. En este
u´ltimo caso, sen˜ales de la existencia de supersimetr´ıa se producir´ıan primero v´ıa bu´squedas indi-
rectas. Estas posibles bu´squedas indirectas de SUSY consisten en investigar las contribuciones
de estas part´ıculas a correcciones radiativas en observables que se miden con gran precisio´n.
Comparando las predicciones de estos observables, incluyendo sus correcciones radiativas, con
sus valores experimentales, podr´ıamos obtener una sen˜al indirecta de SUSY. Con esta idea en
mente, deber´ıamos buscar correcciones radiativas de observables que incluyen part´ıculas super-
sime´tricas dentro de los loops y que se incrementan respecto de su valor en el SM.
Una de las implicaciones fenomenolo´gicas ma´s destacables de los modelos SUSY-seesaw es
la prediccio´n de tasas de desintegracio´n considerables de procesos que violan el sabor lepto´nico
(LFV) [48]. En estos modelos SUSY-seesaw aparece una nueva fuente de violacio´n del sabor
lepto´nico (LFV) en los elementos de fuera de la diagonal de las matrices de masa de los slep-
tones y sneutrinos, que pueden generarse radiativamente. E´stos, de hecho, pueden producir un
no alineamiento relevante entre las matrices de masa de sleptones y leptones y entre las ma-
trices de masa de sneutrinos y neutrinos, que podr´ıa conducir a consecuencias fenomenolo´gicas
importantes en procesos que cambian el sabor lepto´nico. El taman˜o de estos elementos de fuera
de la diagonal viene gobernado por la fuerza de los acoplamientos de Yukawa de los neutrinos
que, como hemos dicho, para neutrinos de Majorana pueden ser grandes, de orden uno. Los
efectos LFV en los procesos de leptones cargados son de este modo inducidos por interacciones
slepto´n-lepto´n y sneutrino-neutrino que violan el sabor lepto´nico, que aparecen en diagramas
con loops supersime´tricos mediados por sleptones y sneutrinos, y que producen tasas LFV que
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son muchos o´rdenes de magnitud ma´s grandes que las predichas por el SM.
De aqu´ı surge una conexio´n interesante entre la f´ısica de neutrinos y la violacio´n del sabor
lepto´nico, ya que los acoplos grandes de Yukawa de los neutrinos, t´ıpicos para neutrinos de
Majorana, inducen contribuciones importantes en los procesos LFV, que podr´ıan medirse. De
hecho, estas contribuciones esta´n ya, en algunos casos, al alcance de sus cotas experimentales
actuales. En este sentido, tanto las desintegraciones radiativas del τ y del µ, lj → li γ [49–52], las
desintegraciones del τ y del µ en tres leptones, lj → 3 li (i 6= j)[49, 52, 53], y las desintegraciones
semilepto´nicas del τ del tipo τ → µη [54], como la conversio´n µ−e en nu´cleos pesados [49, 52, 55],
se encuentran entre los procesos LFV ma´s interesantes. Las desintegraciones LFV de los bosones
de Higgs, H → lj l¯i [56], y las desintegraciones LFV del boso´n gauge Z, Z → lj l¯i [57], son tambie´n
de relevancia en este contexto.
Respecto a los procesos µ − e, los ma´s relevantes actualmente son µ → eγ, µ → 3e y la
conversio´n µ − e en nu´cleos. Las cotas experimentales presentes para las desintegraciones del
muo´n son BR(µ → eγ) < 1.2 × 10−11 [58] y BR(µ → 3e) < 1.0 × 10−12 [59]. En relacio´n a la
conversio´n µ − e en nu´cleos pesados, las restricciones ma´s severas provienen del Titanio y del
Oro, respectivamente con CR(µ − e, Ti)< 4.3 × 10−12 [60] y CR(µ − e, Au)< 7 × 10−13 [61].
En el futuro, se esperan mejoras significativas en las sensibilidades de estos procesos LFV. Por
ejemplo, MEG espera conseguir una sensibilidad para µ→ eγ de 10−13 [62] en un futuro pro´ximo,
que podr´ıa mejorarse au´n ma´s hasta 10−14 en los pro´ximos 4-5 an˜os [63]. Aunque la situacio´n
para BR(µ → 3e) es menos clara, es de esperar que las cotas mejoren a 10−13 − 10−14 [63].
Indudablemente, las perspectivas ma´s prometedoras conciernen a las cotas experimentales de
la conversio´n µ− e en Titanio. El experimento PRISM/PRIME en J-PARC ha anunciado una
mejora destacable, aunque en un futuro lejano, de 10−18 [64].
En relacio´n a los tests de LFV en el sector τ − µ, el canal ma´s competitivo actualmente
es τ → µγ, cuya cota superior esta´ fijada ahora a 1.6 × 10−8 [65–68]. Adema´s, la sensibilidad
de τ → 3µ ha mejorado notablemente en los u´ltimos an˜os. Las cotas superiores actuales de
las colaboraciones BELLE y BABAR son 3.2 × 10−8 [69] y 5.3 × 10−8 [70], respectivamente.
Este canal lepto´nico tiene una ventaja sobre la desintegracio´n radiativa del τ , proporciona un
test no so´lo de SUSY sino tambie´n del sector de Higgs. Es resen˜able que ambos procesos,
la desintegracio´n τ → 3µ [53, 56, 71] y la conversio´n µ − e [55] en nu´cleos, pueden obtener
contribuciones importantes de los diagramas mediados por los bosones de Higgs en escenarios
SUSY con gran tan β y bosones de Higgs ligeros. Los canales de desintegracio´n semilepto´nicos
LFV del τ son tambie´n de intere´s debido a las recientes cotas aportadas por las colaboraciones
BELLE y BABAR [72–75] que son, para algunos canales, competitivas con las lepto´nicas del τ .
Particularmente interesante es el canal semilepto´nico τ → µ η, que es claramente sensible a las
part´ıculas SUSY y a los bosones de Higgs, y cuya cota experimental actual es 5.1× 10−8 [68].
6 Introduccio´n
Adema´s del gran nu´mero de para´metros del MSSM, el mecanismo de seesaw introduce 18
para´metros nuevos en el sector de los neutrinos. Para simplificar el ana´lisis de los procesos LFV
en un modelo SUSY-seesaw, elegimos trabajar en el llamado MSSM restringido (CMSSM) (para
un resumen ver por ejemplo [76]), asumiendo universalidad de los para´metros de ruptura suave de
SUSY a la escala de unificacio´n de los acoplos gauge, MX . Esto permite reducir los para´metros
desconocidos del sector SUSY a los cinco para´metros usuales de un contexto de supergravedad
mı´nima (mSUGRA): M0, M1/2, A0, tan β y sign(µ). Una desviacio´n interesante del CMSSM-
seesaw puede obtenerse relajando la hipo´tesis de universalidad para las masas de ruptura suave
de SUSY del sector de Higgs. Este MSSM parcialmente restringido es comu´nmente llamado esce-
nario Non Universal Higgs Mass (NUHM) [77–89], y su versio´n extendida (incluyendo neutrinos
y sneutrinos dextro´giros) sera´ designada aqu´ı NUHM-seesaw.
La principal motivacio´n de la presente tesis es el estudio de las correcciones radiativas de las
part´ıculas SUSY a procesos que violan el sabor lepto´nico en escenarios SUSY-seesaw. Nuestra
eleccio´n de canales con cambio de sabor se debe al hecho de que en el SM e´stos esta´n extremada-
mente suprimidos. En particular, centraremos nuestro estudio en las desintegraciones radiativas
LFV lj → li γ, en las desintegraciones LFV de los bosones de Higgs H → lj l¯i, en las desin-
tegraciones lepto´nicas LFV en tres leptones de igual sabor lj → 3 li, en las desintegraciones
semilepto´nicas LFV del τ y en la conversio´n µ − e en nu´cleos. La razo´n para estudiar estos
canales a la vez es que, como veremos ma´s adelante, hay correlaciones interesantes entre ellos
en los escenarios SUSY-seesaw en los que trabajamos. Nuestro objetivo final sera´ usar estas co-
rrecciones radiativas como un me´todo eficiente para examinar los sectores SUSY y de neutrinos.
La posibilidad de obtener informacio´n sobre las masas de los neutrinos dextro´giros mediante
estos procesos LFV es especialmente interesante, ya que estas part´ıculas son inaccesibles en los
colisionadores, y lo seguira´n siendo en el futuro.
En esta tesis presentaremos el ca´lculo completo a un loop de los procesos LFV y vere-
mos que los loops de las part´ıculas supersime´tricas contribuyen de manera relevante a estos
observables. Analizaremos en detalle el taman˜o de los cocientes de ramificacio´n en te´rminos
de los para´metros SUSY y seesaw y exploraremos las restricciones que imponen las cotas ex-
perimentales a los diferentes procesos LFV. Adema´s, determinaremos cua´les de estos procesos
manifiestan un comportamiento no desacoplante de las part´ıculas SUSY en el l´ımite de masas
SUSY grandes. Veremos que este comportamiento no desacoplante es particularmente relevante
para las contribuciones a los procesos LFV mediadas por los bosones de Higgs. Por lo tanto,
tambie´n analizaremos la sensibilidad al sector de Higgs mediante los procesos LFV.
Este trabajo esta´ organizado de la siguiente manera. En el Cap´ıtulo 1 revisamos los aspec-
tos ba´sicos del marco teo´rico en el que vamos a desarrollar la tesis. Primero introducimos el
mecanismo de seesaw para la generacio´n de masas de neutrinos, mediante neutrinos dextro´giros,
y los diferentes escenarios que consideramos a bajas energ´ıas. A continuacio´n resumimos las
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caracter´ısticas ma´s importantes del MSSM para esta tesis, para posteriormente presentar las
extensiones de estos modelos supersime´tricos, agrandados con tres neutrinos dextro´giros y sus
supercompan˜eros. Tambie´n revisamos las caracter´ısticas principales de los escenarios restringi-
dos considerados en la tesis: el CMSSM-seesaw y el NUHM-seesaw. Despue´s de esto, se estudia
la generacio´n de mezcla de sabor en los sleptones, prestando especial atencio´n a la dependen-
cia de esta mezcla con los para´metros del seesaw. Tambie´n mostramos otras implicaciones
fenomenolo´gicas de los modelos SUSY-seesaw restringidos: leptoge´nesis te´rmica, los momentos
dipolares ele´ctricos de los leptones cargados (EDMs) y las contribuciones supersime´tricas al
momento magne´tico ano´malo del muo´n, aµ. Y al final del cap´ıtulo mostramos las cotas experi-
mentales presentes de las masas de las part´ıculas supersime´tricas y de los bosones de Higgs.
En el Cap´ıtulo 2 desarrollamos un estudio detallado de las siguientes desintegraciones lepto´nicas
LFV dentro los escenarios SUSY-seesaw restringidos previos: las desintegraciones radiativas
lj → li γ, las desintegraciones de los bosones de Higgs H → lj l¯i (donde H representa los bosones
de Higgs neutros del MSSM) y las desintegraciones lepto´nicas en tres leptones de igual sabor
lj → 3 li. Consideramos espectros degenerados y jera´rquicos tanto para los neutrinos ligeros
como para los pesados. Primero obtenemos los para´metros ma´s relevantes y despue´s analizamos
sistema´ticamente la interesante relacio´n entre el a´ngulo de mezcla lepto´nico θ13 y las desintegra-
ciones LFV del muo´n y del tau. Exigimos compatibilidad con los datos experimentales de los
neutrinos a bajas energ´ıas y con las cotas actuales de las desintegraciones LFV y de los EDMs, y
tambie´n estudiamos las restricciones que surgen de requerir barioge´nesis v´ıa leptoge´nesis te´rmica.
Finalmente enfatizamos las implicaciones que podr´ıa tener una medida futura de θ13 [90–100]
sobre nuestro conocimiento acerca del sector de los neutrinos pesados.
En el Cap´ıtulo 3 estudiamos detalladamente las desintegraciones semilepto´nicas LFV del τ .
En particular analizamos las siguientes desintegraciones: τ → µPP con PP = π+π−, π0π0,
K+K−, K0K¯0, τ → µP con P = π0, η0, η′0 y τ → µV con V = ρ0, φ. Presentamos el
ca´lculo completo a un loop y analizamos la relevancia de las distintas contribuciones, mediadas
por el foto´n, el boso´n gauge Z y los bosones de Higgs. La hadronizacio´n de los bilineares de
quarks se desarrolla dentro del contexto quiral. Finalmente presentamos un conjunto de fo´rmulas
aproximadas para todos los canales semilepto´nicos, que pensamos que pueden ser u´tiles para la
comparacio´n con los datos experimentales presentes y futuros.
En el Cap´ıtulo 4 nos centraremos en la conversio´n µ−e en nu´cleos, trabajando en el contexto
de los escenarios CMSSM-seesaw y NUHM-seesaw. Presentamos un ca´lculo completo a un loop
de la tasa de conversio´n para este proceso que incluye los pingu¨inos del foto´n, del boso´n gauge
Z y de los bosones de Higgs, y los diagramas tipo caja, y comparamos su importancia en los dos
escenarios considerados. Asimismo analizamos la relevancia de los distintos para´metros SUSY-
seesaw sobre las tasas de conversio´n. De hecho, en el caso de neutrinos pesados jera´rquicos,
encontramos una sensibilidad enorme al a´ngulo θ13. La u´ltima parte de este cap´ıtulo esta´
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dedicada al estudio de la pe´rdida de correlacio´n entre la conversio´n µ − e y la desintegracio´n
µ → eγ que ocurre en el escenario no universal. En el caso de gran tanβ y un boso´n de Higgs
H0 ligero, encontramos que el cociente entre µ − e y µ → eγ se incrementa respecto al caso
universal, lo cual podr´ıa comprobarse con las futuras cotas experimentales.
En la u´ltima parte resumimos las conclusiones principales de esta tesis.
Esta tesis esta´ basada en los resultados publicados en los art´ıculos [101], [102], [103], [104]
y [105] y en los proceedings de conferencias [106], [107], [108], [109], [110], [111] y [112].
Introduction
The Standard Model (SM) [1–5] of fundamental interactions is based on the gauge symmetry
SU(3)C × SU(2)L × U(1)Y and provides the indisputable framework of Particle Physics. This
model describes with amazing success most of the known phenomena and, indeed, the agreement
between its predictions and the data is excellent, tested in some cases to a precision of greater
than 1%. One of the predictions which still needs to be verified is the existence of the so-
called Higgs boson [6–9]. This particle appears as a consequence of the spontaneous electroweak
symmetry breaking mechanism, which is needed to explain the origin of fermions and gauge
bosons masses. The value of the Higgs boson mass is not predicted within the SM and, therefore,
the experimental search is done over a range of posible values. Given the current absence of
significant Higgs boson signals, the experiments set a lower bound on its mass of mHSM >
114.4 GeV at the 95% C.L. [10]. Even though the last confirmation of the SM would be the
experimental evidence of this Higgs boson, this model has still some theoretical and experimental
problems which need to be solved by the introduction of new physics.
First of all, there is an important experimental evidence that suggests the SM should be some-
how enlarged. The SM was built with the hypothesis that the three generations of neutrinos were
massless particles. In the last years, the experimental observation of neutrino oscillations first re-
ported by the Super-Kamiokande collaboration and then confirmed by other experiments [11–19],
indicates that neutrinos do have masses. These oscillations also give an important information
on the neutrino mixing angles of the Maki-Nakagawa-Sakata matrix (UMNS) [20–22]. This fact
appears as the first clear experimental evidence of the existence of some physics beyond the SM.
As we have said, in its usual formulation, the SM does not include masses for the neutrinos,
thus, it has to be necessarily modified to account for these masses.
The experimentally suggested smallness of the neutrino masses mν can be explained by the
seesaw mechanism of neutrino mass generation [23–37]. In its simplest version (called Type-
I seesaw) this mechanism assumes the existence of right-handed neutrinos νR with very large
Majorana mass mM as compared to the electroweak (EW) scale v = 174 GeV and coupled to
the left-handed neutrinos by Yukawa couplings Yν . Then it explains simply and elegantly the
smallness of mν in terms of two very distant mass scales, mM and the Dirac mass, mD, which
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is retaled to v by mD = vYν . The properties of the neutrino mass eigenstates within the seesaw
mechanism can then be easily derived by considering the limit mD << mM . For instance, in the
one generation case, two Majorana mass eigenstates are obtained, one very light predominantly
composed of νL and with mass around m
2
D/mM , and the other one very heavy, predominantly
composed of νR and with mass around mM . Thus, in order to get the light neutrino mass in the
0.1− 1 eV range with large Yukawa couplings of the order of 1, this mM must be of the order of
1014 GeV or even larger. The νR component of the light eigenstate and, correspondingly, the νL
component of the heavy eigenstate are suppressed by very small factors of the order mD/mM ,
and can therefore be neglected. These above arguments can be generalised to the case of three
generations with three right-handed neutrinos, and compatibility with neutrino data on masses
and mixings can be succesfully accommodated within this seesaw model. Notice that is also
possible to acccomodate neutrino data with just two νR, but instead we will consider here three
νR for similarity to the rest of the fermions.
Another appealing feature of the seesaw mechanism with right-handed neutrinos is that a
Majorana mass term provides the violation of lepton number which is needed for a succesful
baryogenesis via leptogenesis [38]. Within the framework of leptogenesis, the observed baryon
asymmetry of the Universe (BAU) is explained by the out-of-equilibrium decays of the same
heavy right-handed neutrinos.
Nevertheless, the existence of these two separate mass scales, the electroweak scale and
the mM scale which, as previously said, elegantly explains the observed very light masses for
neutrinos and also can provide succesful BAU, can induce a severe hierarchy problem, similarly
to what happens in the SM. The so-called hierarchy problem of the SM is due to the unstability
of the Higgs sector under radiative corrections if a new large energy scale associated to new
physics is introduced, for instance, the Planck scale, MP , where quantum gravitational effects
become important. This unstability can be clearly seen in the radiative corrections to the Higgs
mass, mH . Naturality arguments suggest that this mass should be near the value of v = 174
GeV which sets the energy scale of the electroweak physics. However, mH is known to get
enormous quantum corrections from the virtual effects of every particle it couples to, which
shift the starting values of the order of 100 GeV to values of the order of the new physics scale.
It occurs because the two point function of the SM Higgs field is quadratically sensitive to the
cut-off used to regulate the loop integral. When the SM is seen not as a fundamental theory but
as an effective theory, this cut-off is interpreted as the energy scale at which new physics enters
to alter the high-energy behavior of the theory. Therefore, if this scale is of the orderMP , where
there is necessarily new physics involved, the above mentioned quantum correction to the Higgs
mass are approximately 30 orders of magnitude larger than the starting O(100) GeV value.
In the case of seesaw models, the very massive right-handed neutrinos, which couple to the
Higgs field, are the ones that produce the previously commented dangerous radiative corrections
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to the Higgs mass. Therefore, a simple extension of the SM with three νR and the seesaw
mechanism to generate light neutrino masses (called here SM-seesaw) is not fully satisfactory.
The favourite solution to this hierarchy problem is provided by the introduction of a new
symmetry, called supersymmetry (SUSY) [39–41]. SUSY relates fermions and bosons in such
a way that the new particles exactly compensate all the undesired quadratic contributions to
scalar squared masses, solving the previously explained hierarchy problem of the SM. On the
other hand, this SUSY extension of the SM may also incorporate the seesaw mechanism to
succesfully generate the neutrino masses. These SUSY-seesaw models do not present therefore
the hierarchy problem.
The Minimal Supersymmetric Standard Model (MSSM) is the minimal supersymmetric ver-
sion of the SM which incorporates a supersymmetric partner per SM particle with the same
mass and quantum numbers but with spin differing in one half unit [42–46]. Thus, a new boson
partner is assigned to each SM fermion and, correspondingly, a new fermionic SUSY partner
is added to each SM boson particle. It is called minimal because it has the minimal number
of possible supersymmetries (N = 1) and therefore, the minimal SUSY particle content. With
the introduction of this symmetry relating bosons and fermions it is possible to guarantee that
all the quadratic divergences in the scalar self-energies do not arise. In order to implement the
seesaw mechanism within the MSSM, one introduces in addition three right-handed neutrinos
and the three corresponding superpartners, the sneutrinos. Simmilarly to the SM-seesaw case,
one can succesfully accomadate the neutrino data within this MSSM-seesaw version as well. The
improvement of MSSM-seesaw respect to the SM-seesaw is again the absence of the hierarchy
problem.
However, it is well known that supersymmetry can not be an exact symmetry of the observed
particle spectrum and, therefore, it must be broken in Nature, since no SUSY particles have
been found up to now in the experiments [10]. Althought the SUSY breaking mechanism is not
well known yet, the SUSY breaking terms that appear in the lagrangian must preserve the good
properties of supersymmetry. In particular, these SUSY breaking terms must be soft [47] such
that the required cancellation of quadratic divergences still occur. In addition, they must provide
proper masses for the SUSY particles in order to make them heavier than their SM partners.
But due to SUSY breaking some other problems can arise. In the most general scenario, one of
the most serious problems is that there can be a misalignment between the fermion and sfermion
mass matrices. In this case, these two matrices are not diagonal in flavour simultaneuosly and
thus, unacceptable large flavour changing processes can be generated. This is called the SUSY
flavour problem. This occurs because the mentioned fermion-sfermion missalignment leads to
new intergenerational interactions at the tree level, which, when put into the loops of flavour
changing procceses, can produce large contributions in contradiction with experimental data.
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The best evidence of supersymmetry would be of course the discovery of SUSY particles in
any of the present or next generation colliders. However, the fact that SUSY must be broken
in Nature indicates that the masses of the supersymmetric particles must be heavier than their
corresponding SM partners and could indeed be much larger than the present reached energies.
Thus, it could happen that some of these particles are too heavy to be directly produced even in
the next generation of colliders like the LHC. In this last case, an indication of the existence of
supersymmetry will come first via indirect searches. These possible indirect searches of SUSY
consist of looking for some relevant sensitivity to the contributions of these particles to radiative
corrections in observables that are measured with high precision. By comparing the predictions
of these observables including their radiative corrections with their experimental values, one
could then obtain an indirect signal of supersymmetry. With this motivation in mind one
should look for radiative corrections of observables that include supersymmetric particles inside
the loops and that are enhanced with respect to their SM value.
One of the most striking phenomenological implications of SUSY-seesaw models is the pre-
diction of sizable rates for lepton flavour violating (LFV) processes [48]. In these SUSY-seesaw
models a new source of lepton flavour violation (LFV) appears in the off-diagonal elements of
the slepton and sneutrino mass matrices, which can be radiatively generated. These can in turn
produce a relevant missalignment between the slepton and lepton mass matrices and between
the sneutrino and neutrino mass matrices, which can lead to important phenomenological con-
sequences in processes that change lepton flavour. The size of these commented off-diagonal
elements is governed by the strength of the neutrino Yukawa couplings which, as we have said,
for Majorana neutrinos can be large, of the order of one. The LFV effects in the charged lepton
processes are then induced by flavour violating slepton-lepton and sneutrino-neutrino interac-
tions, appearing in SUSY-loop diagrams mediated by sleptons and sneutrinos, and can lead to
LFV rates which are many orders of magnitude larger than those expected from the SM-seesaw.
An interesting connection between neutrino and LFV physics then follows, because the large
neutrino Yukawa couplings, typical for Majorana neutrinos, induce important contributions to
the rare LFV processes, which could be measured. In fact, these contributions are, in some cases,
already at the reach of their present experimental sensitivity. In this sense, the radiative decays
of τ and µ, lj → li γ [49–52], the τ and µ decays into three leptons, lj → 3 li (i 6= j) [49, 52, 53],
and the LFV semileptonic τ decays like τ → µη [54], as well as µ − e conversion in heavy
nuclei [49, 52, 55], are among the most LFV interesting processes. LFV decays of Higgs bosons
H → lj l¯i [56] and LFV decays of Z gauge boson Z → lj l¯i [57] are also of relevance in this
context.
Concerning µ − e flavour violating processes, the most relevant, at present, are µ → eγ,
µ → 3e and µ − e conversion in nuclei. The current experimental bounds on the muon decays
are BR(µ → eγ) < 1.2 × 10−11 [58] and BR(µ → 3e) < 1.0 × 10−12 [59]. Regarding µ − e con-
Introduction 13
version in heavy nuclei, the most stringent constraints arise for Titanium and Gold, respectively
with CR(µ − e, Ti)< 4.3 × 10−12 [60] and CR(µ − e, Au)< 7 × 10−13 [61]. In the future, one
expects significant improvements in the sentitivies to these LFV rates. For instance, MEG aims
at reaching a sensitivity for µ → eγ of 10−13 [62] in the very near future, which could further
be improved to 10−14 in the next 4-5 years [63]. Although the situation for BR(µ→ 3e) is less
certain, one does not expect the sensitivities to be better than 10−13−10−14 [63]. Undoubtedly,
the most challenging prospects concern the experimental sensitivities to µ− e conversion in Ti-
tanium nuclei. The dedicated J-PARC experiment PRISM/PRIME has anounced a remarkable
improvement, albeit in a farer future, of 10−18 [64].
Regarding the tests of LFV in the τ − µ sector, the most competitive one at present is
τ → µγ, whose upper bound is now set to 1.6 × 10−8 [65–68]. Furthermore, the sensitivity to
LFV in τ → 3µ has also improved notably in the last years. The present upper bounds from
BELLE and BABAR collaborations are 3.2 × 10−8 [69] and 5.3 × 10−8 [70], respectively. This
leptonic channel has the advantage over the radiative τ decay that provides a test not only of
SUSY but also of the Higgs sector. It is remarkable that both τ → 3µ decay [53, 56, 71] and
µ − e conversion [55] in nuclei can get important contributions from Higgs mediated diagrams
in SUSY scenarios with large tanβ and light MSSM Higgs bosons. LFV semileptonic τ decay
channels are also of interest because of the recently reported sensitivities by BELLE and BABAR
collaborations [72–75] that are, for some channels, already competitive with the LFV tau leptonic
ones. Particullarly interesting is the semileptonic channel τ → µ η, which is clearly sensitive to
both SUSY and Higgs boson particles, and its present experimental bound is 5.1 × 10−8 [68].
In addition to the large number of parameters of the MSSM, the seesaw mechanism introduces
18 new parameters in the neutrino sector. As a first step to simplify the analysis of the LFV
rates in a SUSY-seesaw model, we choose to work in the so-called constrained MSSM (CMSSM)
(for a review see for instance [76]), assuming universality of the soft-SUSY breaking parameters
at the scale of gauge coupling unification,MX . This allows to reduce the unknown parameters in
the SUSY sector to the five usual parameters of a minimal supergravity (mSUGRA) framework:
M0, M1/2, A0, tan β and sign µ. An interesting departure from the CMSSM-seesaw can be
obtained by relaxing the universality hypothesis for the soft SUSY breaking masses of the Higgs
sector. This partially constrained MSSM is commonly referred to as the Non Universal Higgs
Mass (NUHM) scenario [77–89], and its enlarged version (including right handed neutrinos and
sneutrinos) will be here designated NUHM-seesaw.
The main motivation of the present thesis is the study of the radiative corrections from the
genuine SUSY particles to lepton flavour violating processes in the SUSY-seesaw scenarios. Our
choice of channels with flavour change is due to the fact that in the SM, as stated above, these
are extremely suppressed. In particular, we will focus our study on the LFV radiative decays
lj → li γ, LFV Higgs boson decays H → lj l¯i, LFV leptonic decays into three leptons of equal
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flavour lj → 3 li, LFV semileptonic τ decays and µ − e conversion in nuclei. The reason to
study these channels together is because, as we will see, there are interesting correlations among
them in the SUSY-seesaw scenarios we work with. Our final goal will be to use these radiative
corrections as an efficient way to test the SUSY and neutrino sectors. The possibility of testing
the very large masses of the right-handed neutrinos with these LFV processes is particularly
challenging since these particles are not accesible at colliders, nor they will be at future.
We will present here a complete one-loop computation of the LFV rates and will see that
the loops from SUSY particles contribute relevantly to these observables. We will fully analyse
the size of the branching ratios in terms of the SUSY and seesaw parameters and will explore
in detail the restrictions imposed from the experimental bounds on the different LFV processes.
In addition, we will determine which of these processes manifest a non-decoupling behaviour of
the SUSY particles in the limit of large SUSY masses. We will see that this non-decoupling
behaviour is particularly relevant for the Higgs boson mediated contributions to these LFV
processes. Therefore, we will also analyse the sensitivity to the Higgs sector via the LFV
processes.
The present work is organised as follows. In Chapter 1 the basic aspects of the theoretical
framework in which we work are reviewed. First, we introduce the seesaw mechanism for neutrino
mass generation, via right-handed neutrinos, and the different scenarios we consider at low ener-
gies. Next the most important features of the MSSM for this thesis are summarised and, later,
we present the extensions of these SUSY models, enlarged with three right-handed neutrinos
and their superpartnes. We also review the main features of the constrained scenarios consid-
ered in this thesis: CMSSM-seesaw and NUHM-seesaw. After that, the generation of slepton
flavour mixing in SUSY-seesaw models is studied, paying special attention to the dependence
of this mixing on seesaw parameters. Other phenomenological implications from constrained
SUSY-seesaw models are also indicated, namely, thermal leptogenesis, charged lepton electric
dipole moments (EDMs) and the SUSY contributions to the anomalous magnetic moment of
the muon, aµ. And, at the end of this chapter, we summarise the present experimental bounds
on SUSY and Higgs boson masses.
In Chapter 2 we thoroughly perform a detailed study of LFV leptonic decays, namely, ra-
diative decays lj → li γ, Higgs boson decays H → lj l¯i (with H being the neutral MSSM Higgs
bosons) and leptonic decays into three leptons of equal flavour lj → 3 li, within the previous
constrained SUSY-seesaw scenarios. Degenerate and hierarchical spectra are considered for both
heavy and light neutrinos. First we extract the most relevant parameters and then systemati-
cally analyse the interesting relation between the leptonic mixing angle θ13 and LFV muon and
tau decays, namely lj → li γ and lj → 3 li. We require compatibility with low energy neutrino
data and with the present bounds on both LFV decays and charged lepton EDMs, and also
study the resctrictions from the requirement of a successful baryogenesis via thermal leptogene-
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sis. Particular emphasis is given to the implications that a future θ13 measurement [90–100] can
have on our knowledge of the heavy neutrino sector.
In Chapter 3 we deeply study LFV semileptonic tau decay channels. In particular we analise
the following semileptonic tau decays: τ → µPP with PP = π+π−, π0π0,K+K−,K0K¯0, τ →
µP with P = π0, η0, η′0 and τ → µV with V = ρ0, φ. The full one-loop computation is presented
and the importance of the various contributions, the γ-, Z-, and Higgs bosons mediated ones
are analysed. The hadronisation of quark bilinears is performed within the chiral framework.
We further present here a set of approximate formulae for all the semileptonic channels which
we believe can be useful for further comparison with present and future data.
In Chapter 4 we will focus on µ − e conversion in nuclei, working in the context of the
CMSSM-seesaw and the NUHM-seesaw scenarios. We present a complete one-loop computation
of the conversion rate for this process that includes the photon-, Z-boson, and Higgs-boson
penguins, as well as box diagrams, and compare their size in the two considered scenarios. In
these two scenarios we analyse the relevance of the various SUSY-seesaw parameters on the
conversion rates. In the case of hierachical heavy neutrinos, an extremely high sensitivity of the
rates to θ13 is indeed found. The last part of this work is devoted to the study of the interesting
loss of correlation between the µ−e conversion and µ→ eγ rates that occurs in the non-universal
scenario. In the case of large tan β and light H0 Higgs boson, an enhanced ratio of the µ − e
to µ → eγ rates, with respect to the universal case is found, and this could be tested with the
future experimental sensitivities.
The last part is devoted to summarise the main conclusions of this thesis.
This thesis is based on the results published in the articles [101], [102], [103], [104] and [105]
and in the conference proceedings [106], [107], [108], [109], [110], [111] and [112].
Chapter 1
Supersymmetric models with seesaw
mechanism
In this introductory chapter the theoretical framework in which we work is reviewed. First, the
seesaw mechanism for neutrino mass generation is introduced. Next the most important features
of the MSSM for this thesis are summarised and, later, the extension of the MSSM enlarged with
three right-handed neutrinos and their superpartnes is presented. Specific constrained SUSY-
seesaw scenarios that lead to the MSSM al low energies are considered. After that, the generation
of slepton flavour mixing in these constrained SUSY-seesaw scenarios is studied, paying special
attention to the dependence on seesaw parameters. Other phenomenological implications of
these SUSY-seesaw models are also indicated, namely, thermal leptogenesis, charged lepton
EDMs and the SUSY contributions to aµ. The present experimental bounds on SUSY and
Higgs boson masses are also included at the end of this chapter.
1.1 Neutrino masses and mixings generated by seesaw mecha-
nism
The present strong evidence of lepton flavour changing neutrino oscillations [11–19] in solar
and atmospheric neutrino data, as well as in reactor experiments, implies the existence of non-
zero masses for the light neutrinos, and provides the first experimental clue for physics beyond
the Standard Model. The experimentally suggested smallness of the neutrino masses can be
explained in a very simple and elegant way by the seesaw mechanism of neutrino mass gener-
ation [23–37]. This mechanism can be implemented by the introduction of heavy right-handed
Majorana neutrinos which are singlet under the SM gauge symmetry group and whose Majorana
masses, mMi , can therefore be much higher than the SM particle masses. In this context, the
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smallness of the light, mainly left-handed, neutrino masses appears naturally due to the induced
large suppression by the ratio of the two very distant mass scales that are involved in the seesaw
mass matrices, the Majorana matrix mM and the Dirac matrixmD. The latter is generated after
electroweak symmetry breaking by mD = Yν〈H〉, where Yν is the Yukawa matrix for couplings
between the right- and left-handed neutrinos, and 〈H〉 = v = 174 GeV is the SM Higgs boson
vacuum expectation value (VEV). For the one generation case, and assuming a Yukawa coupling
of order one, the suggested small neutrino mass value signals towards a new phyics mass scale
of the order of mM ∼ 1014 GeV, but the pattern and size of the seesaw mass parameters can
vary much respect to this in the most general case of three generations.
The most general lagrangian that is invariant under SU(2)L × U(1)Y and that accounts for
the lepton mass generation in presence of both Yukawa couplings and Majorana mass terms,
can be written for the case of three generations as




RCνR + h.c. , (1.1)
where mM is the 3×3 Majorana mass matrix for right-handed neutrinos, Ye is the 3×3 Yukawa
coupling matrix for charged leptons and Yν is the 3×3 Yukawa coupling matrix for neutrinos. H˜
is defined as H˜ ≡ i τ2H∗, τ2 being a Pauli matrix, C is the charge conjugation operator, which
flips the sign of all the charge-like quantum numbers of a field (like electric charge, baryon
number, lepton number, etc), leaving the rest of quantum numbers (e.g. chirality) intact, and
i, j are generation indices which will be taken here to vary from one to three. The Yukawa terms
will yield, after electroweak symmetry breaking, the charged lepton mass matrix, me = Y
e〈H〉
and the neutrino Dirac mass matrix mD = Y
ν〈H〉. Notice that one fundamental modification
with respect to the SM that implies the addition of right-handed neutrinos with Majorana mass
terms is that, as can be proved by gauge and Lorentz invariance and renormalizability, the lepton
number is not a preserved symmetry any more.
A pedagogical way to study the phenomenological implications of right-handed neutrinos
with Majorana mass terms is to consider first the one-generation case [113], where mM and mD
are just numbers instead of 3×3 matrices. In this case, the neutrino mass matrix that is defined
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and therefore, the corresponding mass eigenstates can be written as
χ1 = χ1L + η1(χ1L)
c , χ2 = χ2L + η2(χ2L)
c , (1.6)
with η1,2 = 1 or −1 for m1,2 > 0 or < 0 respectively, χ1,2L are the left-handed projections,
χiL =
1
2 (1 − γ5)χi, and (χ1,2L)c are their corresponding transformed fields under particle-
antiparticle conjugation operation Cˆ. Notice that the two mass eigenstates behave as Majorana
fermions since under Cˆ they transform as χc1,2 = η1,2χ1,2, that is, they are Cˆ-eigenstates with
eigenvalues η1,2 respectively, that determine the relative CP parities of χ1 and χ2. As for the
counting of degrees of freedom, one starts in the electroweak basis with a total of four, νL,
νR, (νL)
c = νcR and (νR)
c = νcL, and ends up with two mass eigenstates, χ1 and χ2, with two
degrees of freedom each, as corresponds to massive Majorana fermions. The generalisation of
this counting to n generations will lead to 2n massive Majorana neutrinos. In the case that will
be considered here with three generations, the number of physical Majorana neutrinos will be
therefore six.
Once we have introduced non-zero masses for the neutrinos, one may also wonder why these
are so particularly small with respect to the masses of other fundamental fermions. The seesaw
mechanism provides a very simple and elegant explanation of this smallness. More specifically,
it relates the smallness of the neutrino masses with the existence of very large mass scales, given
by mM , as compared to mD, which are driven by the electroweak scale, v = 〈H〉 = 174 GeV.
The violation of the total lepton number being introduced by the right-handed Majorana mass
term is therefore assumed to occur at these large mM scale.
The properties of the neutrino mass eigenstates generated by the seesaw mechanism can
be easily deduced in the one generation case by taking the limit mD ≪ mM in the previous
formulae (1.2)-(1.6). This leads to the simple expresions [113]:
θ ≈ mD
mM




, m2 ≈ mM , (1.7)
χ1 ≈ νL + η1(νL)c, χ2 ≈ (νR)c + η2νR . (1.8)
It is clear that there is one light Majorana mass eigenstate χ1 composed predominantly of νL
and one heavy one χ2 mainly composed of νR. The νR component in χ1 and the νL component




Next we review the mass parameters and mixings in the neutrino sector of the seesaw models
with three right-handed neutrinos, and relate them to the physical light neutrino masses and
neutrino mixing angles which are extracted from neutrino data.
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We start with the Yukawa-sector of the SM-seesaw that contains the three left-handed SM
neutrinos ν0L,i and the three extra right-handed massive neutrinos ν
0
R,i, whose Yukawa interac-
tions provide, after spontaneous electroweak symmetry breaking, together with the right-handed





















Here mD is the 3× 3 Dirac mass matrix that is related to the 3× 3 Yukawa coupling matrix
Yν and the SM Higgs vacum expectation value by mD = Yν〈H〉; and mM is the 3× 3 Majorana
mass matrix for the right-handed massive neutrinos that is real, non singular and symmetric.
The mass matrix Mν is a 6 × 6 complex symmetric matrix that can be diagonalised by a
6× 6 unitary matrix Uν in the following way:
UνTMνUν = Mˆν = diag (mν1 ,mν2,mν3 ,mN1 ,mN2 ,mN3) . (1.11)
This gives three light Majorana neutrino mass eigenstates νi, with masses mνi (i = 1, 2, 3),























The seesaw mechanism for neutrino mass generation assumes a large separation between
the two mass scales involved in mD and mM matrices. More specifically, we shall assume here
that all matrix elements of mD are much smaller than those of mM , mD << mM , and we will
perform an analytical expansion of all relevant interaction parameters and observables in power
series of a matrix defined as
ξ ≡ mDm−1M . (1.13)
In particular, the diagonalisation of the mass matrix Mν can be solved in power series
of ξ. For simplicity, we choose to work here and in the rest of this thesis, in a basis where
the right-handed Majorana mass matrix, mM , and the charged lepton mass matrix, M
l, are
flavour diagonal. By working to the lowest order of these power series expansions, Mν is first
diagonalised by blocks leading to the following neutrino 3× 3 matrices:
mν = −mDξT +O(mDξ3) ≃ −mDm−1M mTD , (1.14)
mN = mM +O(mDξ) ≃ mM .
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Here, mN is already diagonal, but mν is not yet diagonal. The rotation from this flavour
basis to the mass eigenstate basis is finally given by the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) unitary matrix [20–22], UPMNS. Thus,
mdiagν = U
T
PMNSmνUPMNS = diag (mν1 ,mν2,mν3) , (1.15)
mdiagN = mN = diag (mN1 ,mN2 ,mN3) ,
and correspondingly the diagonalisation of Mν in eqs. (1.10) and (1.11) can be performed by
the following unitary 6× 6 matrix,
Uν =
(
(1− 12ξ∗ξT )UPMNS ξ∗(1− 12ξT ξ∗)
−ξT (1− 12ξ∗ξT )UPMNS (1− 12ξT ξ∗)
)
+O(ξ4) . (1.16)
We use the standard parameterisation for the UPMNS matrix given by
UPMNS =
 c12 c13 s12 c13 s13 e
−iδ
−s12 c23 − c12 s23 s13 eiδ c12 c23 − s12 s23 s13 eiδ s23 c13
s12 s23 − c12 c23 s13 eiδ −c12 s23 − s12 c23 s13 eiδ c23 c13
 × V , (1.17)
with




2 , 1) , (1.18)
and cij ≡ cos θij , sij ≡ sin θij. θij are the light neutrino flavour mixing angles, δ is the Dirac
phase and φ1,2 are the Majorana phases.
Now, in order to make contact with the experimental data, we use the method proposed
in [114]. It provides a simple way to reconstruct the Dirac mass matrix by using as inputs
the physical light and heavy neutrino masses, the UPMNS matrix, and a general complex and








where RTR = RRT = 1.
Thus, instead of proposing directly possible textures for mD (i.e. for Y
ν), one proposes pos-
sible values for mN1 ,mN2 ,mN3 and R, and sets mν1 ,mν2 ,mν3 and UPMNS to their suggested
values from the experimental data. Notice that for R = 1, the lepton flavour mixing in UPMNS
is the unique source of lepton flavour mixing in mD. Correspondingly, any hypothesis for R
different from the unit matrix will lead to an additional lepton flavour mixing in mD. Notice
also that the previous Eq. (1.19) is established at the right-handed neutrino mass scale mM ,
so that the quantities appearing in it are indeed the renormalised ones, namely, mdiagν (mM )
and UPMNS (mM ). These latter are obtained here by means of the renormalisation group equa-
tions (RGEs) and by starting the running from their corresponding renormalised values at mZ ,
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In this thesis we will consider the following plausible scenarios, for the neutrino sector, being
all compatible with present data.
• Light neutrino sector:
Quasi-degenerate case: mν1 , mν2 = mν1 +
∆m2sol
2mν1




Hierarchical case: mν1 ≪ mν2 , mν2 =
√
∆m2sol , mν3 =
√
∆m2atm . (1.20)
• Heavy neutrino sector:
Degenerate case: mN1 = mN2 = mN3 = mN ,
Hierarchical case: mN1 ≪ mN2 ≪ mN3 . (1.21)
For the numerical estimates in this thesis we will use the following input values for the light
neutrino mass squared differences and the angles in the UPMNS matrix:
∆m2sol = 8 × 10−5 eV2 , ∆m2atm = 2.5 × 10−3 eV2 ,
θ12 = 30
◦ , θ23 = 45
◦ , θ13 . 10
◦ , δ = φ1 = φ2 = 0 , (1.22)
which are compatible with present experimental data (see, for instance, the analysis of [115–
117]). For quasi-degenerate light neutrinos we will further set mν1 = 0.2 eV and for hierarchical
light neutrinos several choices for the tiny mν1 will be set. Some results, in this latter case, will
be focused on the particular choice mν1 = 0.
Regarding the R matrix, we will consider the following parameterisation:
R =
 c2c3 −c1s3 − s1s2c3 s1s3 − c1s2c3c2s3 c1c3 − s1s2s3 −s1c3 − c1s2s3
s2 s1c2 c1c2
 , (1.23)
where ci ≡ cos θi, si ≡ sin θi and θ1, θ2 and θ3 are arbitrary complex angles. This parametri-
sation was proposed in [114] for the study of µ → eγ decays and represents the most general
parameterisation of an orthogonal complex matrix in terms of three complex angles. We will
choose this parameterisation for most of this work. We will also consider the simplest possibility
R = 1, as a reference case. Some estimates will be alternatively done, for comparison, with the
following parameterisation:
R = eiAO , (1.24)
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with O = 1, and
A =
 0 a b−a 0 c
−b −c 0
 . (1.25)
Here, a, b, and c are three real parameters that are constrained by perturbativity of the Yukawa
couplings. In particular, for a = b = c ≡ k and mν1,2,3 ≃ 0.2 eV, it leads to k < (1.4, 0.9, 0.3) for
mN1,2,3 ≃ (1010, 1012, 1014) GeV respectively.
As we have indicated in the introduction, there is, however, one negative aspect in the
standard version of the models with seesaw mechanism. It is that the presence of the two
distant mass scales can lead to a severe hierarchy problem which requires the introduction of
supersymmetry to be solved. In the SUSY-seesaw models the hierarchy between mM and the
electroweak scale is stabilised by the new contributions of the SUSY partners of the right-handed
and left-handed neutrinos. Thus, the SUSY-seesaw models, and particularly the simplest version
given by the Minimal Supersymmetric Standard Model (MSSM), are becoming more popular.
1.2 The Minimal Supersymmetric Standard Model
This is an introductory section to the Minimal Supersymmetric Standard Model (MSSM), where
the most important features of this model for this thesis are summarised. First of all, the
MSSM Lagrangian and fields in the interaction eigenstate basis are introduced, with an special
discussion about the soft SUSY breaking terms. Then, the mixing between fields with the same
quantum numbers and the mass spectrum with the relevant interaction terms are studied in
detail, paying special attention to the slepton sector, the gaugino sector and the Higgs sector.
The Minimal Supersymmetric Standard Model is the simplest supersymmetric extension of
the Standard Model [42–46], where “minimal” means that it contains the minimal number of
superfields and interactions (N = 1). The main motivation for introducing low-energy super-
symmetry is the cancellation of quadratic divergences (for a full review see [118]), which allows
to solve the hierarchy problem. The contribution of fermion loops to the two-point function of
the SM Higgs field is quadratically dependent on the cut-off Λ. If this scale Λ is replaced by
the Planck mass MP , the resulting correction to the Higgs mass is 30 orders of magnitud larger
than the tree level SM Higgs mass, which should not be in any case higher than 1 TeV in order
to preserve unitarity. Here one can see the different consequences between the logarithmic and
the quadratic divergences. As a particular example of the first ones, there are the corrections to
the electron mass that are small being logarithmic in Λ and proportional to the electron mass.
In contrast, the corrections to the scalar masses contain the quadratic dependence on Λ. In
particular, the contribution from fermions, with mass mF and couplings to Higgs δF , to the two
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does not depend on the Higgs mass, mH , which is related to the fact that setting mH = 0 does
not enlarge the symmetry group of the SM. One can then conclude that there is nothing in the
SM that protects the Higgs boson mass of being too large, in a similar way as the photon or
the electron masses are protected. This difficulty of getting the Higgs mass stable under the
Λ2-dependent radiative corrections is referred to in the literature as the hierarchy problem of
the Standard Model.
One elegant way to sort out this problem is by the introduction of a new symmetry called
supersymmetry. In supersymmetry, the problem explained above is solved by the introduction
of additional degrees of freedom that provide the needed compensating contributions to the
two-point function of the SM Higgs, due to the fact that supersymmetry relates fermions and
bosons and requires to have the same total number of bosonic and fermionic degrees of freedom.
More specificaly, supersymmetry asigns to each Standard Model particle a new particle, the
supersymmetric partner, which has its same quantum numbers and mass but with a difference
in spin of one half unit. Thus, each fermion has its corresponding scalar partner, one for the
left-handed fermion and another one for the right-handed fermion, each gauge boson has its
fermionic partner and each scalar Higgs particle has its fermionic partner. Then, each new
scalar particle S with mass mS which couples to the Higgs with a lagrangian term −δS |H|2|S|2









+ ... . (1.27)
Since the couplings are related by SUSY as δS = |δF |2 and there are two scalars per fermion,
then the O(Λ2) terms cancel in the total correction to the Higgs mass. In summary, the fact that
the particle content of the SM is doubled [42–46] and that there are precise relations among the
couplings of particles and their superpartners imposed by supersymmetry, leads to the interesting
result that in SUSY models the Higgs bosons mass corrections are free of quadratic divergences
and therefore the hierarchy problem is not present.
One crucial point in the field content of the MSSM is the choice of the Higgs sector. As in the
SM, we need to break SU(2)L × U(1)Y invariance by SU(2)L doublet scalars with hypercharge
|Y | = 1. Indeed, one needs at least two such scalar fields: H1 with hypercharge Y = −1 and H2
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There are at least two important reasons for this choice:
• A model with one single Higgs doublet superfield has non-vanishing gauge anomalies as-
sociated with fermion triangle diagrams. If one adds just one single higgsino doublet, the
SUSY partner of the single scalar Higgs doublet, anomalies will be introduced, as it is
a new fermion that also contributes. One needs to add a second higgsino doublet, the
SUSY partner of the second scalar Higgs doublet, with opposite hypercharge to cancel the
contribution of the first one.
• supersymmetry requires that the superpotential be an analytic funcition of the superfields.
Therefore it cannot contain the hermitian conjugate of a Higgs superfield and it is then not
possible to give masses to both up and down-type quarks without introducing a second
Higgs doublet superfield. Here H1 will be responsible for the masses of the down-type
fermions and H2 the corresponding one for the up-type fermions.
If a theory is invariant under supersymmetric transformations it is required that the particles
and their corresponding superpartners have identical masses. This is not realistic since, for
instance, no selectron, the scalar partner of the electron, with mass 511 KeV or smuon, the scalar
partner of the muon, with mass 106 MeV, have ever been found. Therefore, if supersymmetry
exists in nature, it must be broken. Even thought the mechanism of SUSY breaking is still
unknown to date, it has to be implemented without introducing new quadratic divergences that
could spoil the previously commented solution provided by SUSY to the hierarchy problem.
This job is done by a set of specific SUSY breaking terms that are called soft supersymmetry
breaking terms [47], or soft terms in short. These soft terms provide succesfully both the masses
of the SUSY particles, in order to get them heavier than their corresponding SM partners, and
the required spontaneous electroweak symmetry breaking at low energies, necessary to explain
the mass generation of the SM particles.
There is one additional property of the MSSM which makes it to be less constraint than the
SM. It is well known that if one imposes the invariance of the interaction lagrangian of the SM
particles under the symmetry SU(3)C × SU(2)L ×U(1)Y , one finds that all terms of dimension
4 or less automatically preserve the baryonic number (B) and the leptonic number (L). This is
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not the case in the MSSM, and the usual way to get them preserved in this model is by the
introduction, ad hoc, of a discrete symmetry called R-parity. The R-parity is a multiplicative
quantum number defined in terms of the Baryonic and Leptonic numbers, B and L, and the Spin,
S, as R= (−1)3(B−L)+2S . This leads to R = 1 for SM and Higgs particles and R= −1 for their
SUSY partners. Besides, the fact that R-parity must be conserved implies that SUSY particles
can only be produced in pairs from SM particles and also that the lightest SUSY particle must
be stable. It is important also to notice that any set of states with the same spin, B, L and
SU(3)C × U(1)EM quantum numbers can mix so one has to diagonalise their mass matrices to
obtain the mass eigenstates and the corresponding mass eigenvalues.
We finally present the MSSM spectrum that contains the SM particle content, extended with
two Higgs doublets, and all their corresponding SUSY partners. There are the SUSY partners
of the quarks, called squarks, the ones of the charged leptons and neutrinos, called charged
sleptons and sneutrinos respectivelly, the gluinos being the superpartners of the gluons, and the
SUSY partners of the electroweak gauge bosons, called gauginos, that after mixing with the
SUSY partners of the Higgs bosons, called Higgsinos, give rise to the mass eigenstates named
charginos and neutralinos. In Table 1.1, the full MSSM spectrum is illustrated in both the
interaction eigenstate basis and the mass eigenstate basis. Here, the standard notation is used
as explained, for instance, in [43, 44].
1.2.1 MSSM Lagrangian
The MSSM Lagrangian can be splitted into two parts: the SUSY-preserving part, LSUSY and
the SUSY breaking part, LbreakSUSY,
LMSSM = LSUSY + LbreakSUSY . (1.29)
As usual, the Lagrangian does not contain any interaction term with mass dimension higher
than four, in order to preserve the renormalisability of the theory.
LSUSY is invariant under SUSY and SU(3)C × SU(2)L × U(1)Y gauge transformations and
contains the MSSM Lagrangian for fermions and gauge bosons and the associated Lagrangian
for sfermions and gauginos. It also includes all the renormalisable interactions among super-
symmetric particles and among these particles and the SM ones. As the expression for the full
supersymmetric version of the SM Lagrangian is rather lengthy (see for instance [45]) we will
specify just the interaction terms that are relevant for the present work. Furthermore, we choose
to writte these relevant terms in the mass eigenstate basis which is the most convenient one for
the purpose of this thesis.
On the other hand, LSUSY contains as well the Higgs sector Lagrangian and the associated
Lagrangian for Higgsinos. The Higgs sector Lagrangian includes the Higgs self-interaction terms
and the interactions between these particles and the rest of the MSSM spectrum. In particular,
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SUSY particles
Extended Standard SU(3)C × SU(2)L × U(1)Y Mass eigenstates
Model spectrum interaction eigenstates
Notation Name Notation Name
q = u, d, s, c, b, t q˜L, q˜R squarks q˜1, q˜2 squarks
l = e, µ, τ l˜L, l˜R sleptons l˜1, l˜2 sleptons
ν = νe, νµ, ντ ν˜ sneutrino ν˜ sneutrino
g g˜ gluino g˜ gluino
W± W˜± wino
H+1 ⊃ H+ H˜+1 higgsino χ˜±i (i=1,2) charginos
H−2 ⊃ H− H˜−2 higgsino
γ γ˜ photino
Z Z˜ zino
Ho1 ⊃ h0, H0, A0 H˜o1 higgsino χ˜oj (j=1,...,4) neutralinos
Ho2 ⊃ h0, H0, A0 H˜o2 higgsino
W 3 W˜ 3 wino
B B˜ bino
Table 1.1: Summary of the MSSM spectrum.
it incorporates the Yukawa interactions between Higgs bosons and fermions and the Higgs po-
tential. The restrictions imposed by SUSY determine the Higgs-bosons self interactions in terms
of the SU(2)L and U(1)Y gauge couplings, g and g
′ respectively, such that the SUSY-preserving
part of the MSSM Higgs potential is given by
V HiggsSUSY = |µ|2





(|H1|2 − |H2|2)2 + 1
2
g2|H∗1H2|2 . (1.30)
Notice that the mass parameter µ is a new mass parameter introduced by SUSY in this potential
and that the strength of the self-interactions in the Higgs sector are given in terms of the gauge
couplings g and g′. Notice also that the SUSY-preserving potential of Eq. (1.30) is positive
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and presents just a trivial minimum; therefore it can not produce the wanted spontaneous
electroweak symmetry breaking. This is a common feature in supersymmetric theories and the
introduction of the appropriate soft SUSY breaking terms in the Higgs potential, as already
mentioned, is mandatory in order to implement the SU(2)L × U(1)Y → U(1)EM spontaneous
symmetry breaking.
The electroweak symmetry breaking will be defined in terms of the two neutral Higgs vacuum
expectation values (VEVs)
〈H01 〉 = v1 = v cos β, 〈H02 〉 = v2 = v sinβ (1.31)








The fact that there are two doublets, instead of one, introduces the extra parameter
tan β ≡ v2
v1
. (1.33)
Regarding the Yukawa interactions between Higgs particles and fermions, they are derived
as usual from the superpotential W ,
W = Uˆ c Yu Qˆ Hˆ2 + Dˆ
c Yd Qˆ Hˆ1 + Eˆ
c Yl Lˆ Hˆ1 + µHˆ1Hˆ2 , (1.34)
where Yu, Yd and Yl are the Yukawa couplings of quarks and leptons which are generically 3× 3
matrices in the flavour space. After the electroweak symmetry breaking, they are related to the




















In summary, the set of parameters that appear in this SUSY preserving interaction La-
grangian LSUSY are:
• the gauge couplings gs, g and g′ corresponding to the SU(3)C , SU(2)L and U(1)Y gauge
groups, respectively,
• the Yukawa couplings that describe the interaction between fermions and Higgs bosons,
and
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• the µ mass parameter.
The SUSY breaking Lagrangian LbreakSUSY is not completely determined and its explicit form
and the set of involved parameters depend on the particular SUSY breaking mechanism. Since
this mechanism is not yet known, one usually assumes a set of breaking terms of the most
general form, without inquiring into their origins, that are fixed just by demanding SU(3)C ×
SU(2)L ×U(1)Y invariance and by requiring them to be soft in order the previously mentioned
cancellation of quadratic divergences be maintained.
These soft SUSY breaking terms were classified by Girardello and Grisaru [47] into four
different types: Majorana mass terms for gauginos, scalar mass terms for sfermions and Higgs
particles, interaction terms among three scalar particles, with corresponding trilinear couplings,
and scalar-scalar bilinear terms. In the MSSM, the complete set of soft SUSY breaking terms


























































































































































































due to SU(2)L invariance; mf are the
fermion masses, and, ǫ12 = −ǫ21 = 1, ǫii = 0. Notice that the trilinear terms for sneutrinos are
absent since, as we have said, we are still assuming in this section the generic MSSM without
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right-handed neutrinos and, therefore, vanishing neutrino Yukawa and trilinear couplings and
neutrino masses. We will extend this simplest MSSM model to a modified version that includes
three right-handed neutrinos, their corresponding superpartners and the associated interactions
in the next section.
To sum up, the set of new parameters that appear in the previous soft SUSY breaking
potential are the following:
• The soft masses of the Higgs sector, m1, m2 and m12, where m212 ≡ Bµ, µ is the mass pa-
rameter introduced in Eqs. (1.30) and (1.34), and B is the soft SUSY breaking parameter.
• The soft masses of squarks and sleptons in each generation: mQ˜,q, mU˜,(u,c,t), mD˜,(d,s,b),
mL˜, l and mE˜,(e,µ,τ).
• The trilinear couplings of squarks and sleptons: Aq and Al.
• The soft gaugino masses,M3,M2 andM1, associated with the SU(3)C , SU(2)L and U(1)Y
gauge groups of the SM, respectively.
Notice again that there is a unique mass parameter for the two members of each SU(2)L
sfermion doublet in order to preserve the weak isospin symmetry of the Lagrangian.
As mentioned before, the SUSY breaking terms of the Lagrangian are necessary to implement
the electroweak symmetry breaking, SU(2)L × U(1)Y → U(1)EM. It is because the SUSY
invariant Higgs potential is positive and presents a unique minimum at H1 = H2 = 0. Once the
m1, m2 and m12 mass terms are included in the Higgs potential it becomes
VHiggs = m
2














(|H1|2 − |H2|2)2 + 1
2
g2|H∗1H2|2 , (1.39)
where m2iH ≡ |µ|2 +m2i (i = 1, 2), and m2i can be either positive or negative, thus allowing for a
non-trivial minimum of the Higgs potential.






= 0 , (1.40)
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one obtains the two following equations:
m212 =











which relate the previous soft Higgs masses m1, m2 and m12 to µ, tan β and mZ .
Once the relevant pieces of the MSSM Lagrangian have been introduced, we next present
the MSSM mass eigenvalues and eigenstates, first without flavour mixing in the sfermion sector,
which will be our reference point for the rest of this thesis.
1.2.2 Slepton sector
The tree-level 6× 6 slepton squared-mass matrix can be written, for the case without intergen-
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RR 0 0 0 0
0 0 Mµµ 2LL M
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LR 0 0
0 0 Mµµ 2RL M
µµ 2
RR 0 0
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M ll 2RR = m
2
E˜,l
+m2l −m2Z cos 2β sin2 θW ,
M ll 2LR = M
ll 2∗
RL = ml(Al − µ tan β) . (1.44)
Here, mZ is the Z boson mass, θW is the weak mixing angle, ml is the charged lepton mass,
the parameters mL˜,l, mE˜,l are the soft-SUSY-breaking masses for the sleptons introduced in
Eq. (1.36), and Al is the corresponding trilinear coupling also given in Eq. (1.36).
The diagonalisation of this 6× 6 mass matrices above gives the six slepton mass eigenstates,
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αβ l˜β , (1.46)










The fact that there is not any intergenerational mixing yet allows us to diagonalise separately














cos θl˜ − sin θl˜
sin θl˜ cos θl˜
)
. (1.49)
Notice that this is the usual notation in the MSSM and these e˜1, e˜2, µ˜1, µ˜2 and τ˜1, τ˜2 correspond
to l˜1, l˜2, l˜3, l˜4 and l˜5, l˜6 respectively of our alternative notation introduced in Eq. (1.45).











(M ll 2LL −M ll 2RR)2 + 4M ll 4LR
]
, (1.50)
where l = e, µ, τ and the corresponding mixing angle θl˜ is given by
cos 2θl˜ =












The sneutrino sector is an exception, since within the MSSM the neutrinos are massless, there
are no right-handed neutrinos, νR, nor their corresponding SUSY partners ν˜R, and consequently
there is not LR mixing. The physical sneutrino states, ν˜L, are the SUSY partners of the left







m2Z cos 2β , (1.52)
where l = e, µ, τ , correspondingly.
1Note that for the case without intergenerational mixing the convention is ml˜1 > ml˜2
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1.2.3 Squark sector
In this thesis we work under the hypothesis that there is not intergenerational mixing in the
squark sector. Therefore, the tree-level 6 × 6 squark squared-mass matrices for the up and
the down type squarks, referred to the (u˜L, u˜R, c˜L, c˜R, t˜L, t˜R) and (d˜L, d˜R, s˜L, s˜R, b˜L, b˜R) basis





LR 0 0 0 0
Muu 2RL M
uu 2
RR 0 0 0 0
0 0 M cc 2LL M
cc 2
LR 0 0
0 0 M cc 2RL M
cc 2
RR 0 0
0 0 0 0 M tt 2LL M
tt 2
LR











LR 0 0 0 0
Mdd 2RL M
dd 2
RR 0 0 0 0
0 0 M ss 2LL M
ss 2
LR 0 0
0 0 M ss 2RL M
ss 2
RR 0 0
0 0 0 0 M bb 2LL M
bb 2
LR
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Z cos 2βQq sin
2 θW , if q = d, s, b,




mq(Aq − µ cot β) , if q = u, c, t,




3 and Qq are the mass, weak isospin and electric charge of the corresponding
quark (T q3 =
1
2 , Qq =
2




2 , Qq =
−1
3 for q=d, s, b), and θW is the
weak mixing angle. The parameters mQ˜,q, mD˜,q and mU˜,q are the soft-SUSY-breaking masses
for the squarks introduced in Eq. (1.36), Aq are the trilinear couplings, given also in Eq. (1.36).
The rest of parameters are common with the slepton sector. The diagonalisation of the previous
6× 6 squark squared-mass matrices is completely analog to the one of the slepton sector, so the
corresponding mass eigenstates and physical masses have the corresponding analogous expresions
to Eqs. (1.50) and (1.51), respectively.
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1.2.4 Gaugino sector
The supersymmetric partners of the gauge bosons, called gauginos, are fermions with spin 1/2.
The gluinos g˜α (α = 1, ..., 8), winos W˜ a (a = 1, 2, 3) and the bino B˜ are the supersymmetric
partners of the gluons gα (α = 1, ..., 8), the electroweak gauge bosons W a (a = 1, 2, 3) and B,
respectively. Correspondingly, the photino γ˜ and the zino Z˜ are the supersymmetric partners
of the mass eigenstates of the neutral gauge boson sector, the photon γ and the Z boson,
respectively. These SUSY fermions are not the physical states yet, due to their mixing with
the SUSY partners of the Higgs bosons, the Higgsinos, which are also fermions. The resulting
physical states are the charginos and the neutralinos which will be presented next.
Gluino sector
The gluinos, g˜α(α = 1, ..., 8), have a unique characteristic among all of the SUSY partners since
they are octet fermions and, therefore, they cannot mix with any other particle in the MSSM.
This means that the unique soft-breaking mass parameter that enters in the computation of the
gluino masses, at tree level, is M3. Indeed, one gets at tree level simply mg˜α =M3.
Chargino sector
The charginos are four-components Dirac fermions that result from the mixture of charged
gauginos, W˜±, i.e., the SUSY partners of the charged gauge bosons W±, and charged higgsinos,
H˜−1 and H˜
+
2 , i.e. the SUSY partners of the charged components of the two Higgs doublets, H1
and H2, respectively.






2mW cos β µ
)
. (1.56)
Due to the two independent mixings, (W˜−, H˜−1 ) and (W˜
+, H˜+2 ), one needs to define two unitary
mixing matrices, U and V , in order to obtain the mass eigenstates. The squared mass matrix
of the charginos is diagonalised by
M2χ˜+ = diag(m2χ˜+1 ,m
2
χ˜+2
) = V X†XV −1 = U∗XX†(U∗)−1 , (1.57)
where the two mass eigenstates are denoted by χ˜+1 and χ˜
+









2 + 2m2W ∓
[




2 + 2M2µ sin 2β)
]1/2}
, (1.58)
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where by convention, mχ˜+1
≤ mχ˜+2 .
Neutralino sector
Finally, the neutralinos, χ˜0j with j = 1, ...4, are mixtures among the photino, the zino and the
SUSY partners of the neutral components of the two Higgs doublets, i.e. the neutral higgsinos.
In the B˜ − W˜ 3 − H˜01 − H˜02 basis, the neutralino mass matrix is
Y =

M1 0 −mZsW cos β mZsW sin β
0 M2 mZcW cos β −mZcW sin β
−mZsW cos β mZcW cos β 0 −µ
mZsW sinβ −mZcW sin β −µ 0
 . (1.59)
This is in general a complex symmetric matrix, and this symmetry is due to the Majorana nature
of the neutralinos. As a consequence, only one unitary matrix, N , is required to diagonalise the
neutralino sector, in contrast with the chargino one. The diagonal neutralino mass matrix is
given by
Mχ˜0 = diag(mχ˜01 , ...,mχ˜04) = N
∗Y N−1 . (1.60)
The matrix N can be chosen in such a way that the elements of the diagonal matrix are real
and non-negative. Our convention for the neutralino masses here is mχ˜01 ≤ ... ≤ mχ˜04. The
full expressions for mχ˜01 , ...,mχ˜04 in terms of M1, M2, µ, mZ , θW and tanβ are lengthy and are
omitted here for brevity. They can be found in [119, 120].
1.2.5 Higgs sector
The Higgs sector of the MSSM contains two Higgs doublet fields which, after electroweak sym-
metry breaking, lead to five physical Higgs boson particles, h0, H0, A0, and H±. In order to
obtain the spectrum of the MSSM Higgs sector, one starts with the eight real scalar degrees of
freedom, four per Higgs doublet. Three of them are the Goldstone bosons, G± and G0, that
will be transmuted into the longitudinal components of the W± and Z0, respectively, via the
electroweak symmetry breaking mechanism, and will provide the proper gauge boson masses.
The remainimg five degrees of freedom constitute the five physical Higgs bosons of the theory,
two CP-even neutral scalar particles, h0, H0, one CP-odd neutral pseudoscalar particle, A0, and
two charged scalar particles, H±.
The peculiarity of the MSSM Higgs boson sector is that the Higgs boson masses and mixing
angles are determined, at the tree level and due to supersymmetry, by just two independent
parameters usually chosen to be mA0 and tan β = v2/v1. By taking into account the relation
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between mA0 and m12,
m2A0 =
m212
sin β cos β
, (1.61)














remaining tree level Higgs masses and mixing angles are then derived in terms of m0A and tan β.






and the masses of the CP-even neutral Higgs bosons h0 and H0 are obtained by diagonalizing




2 β +m2Z cos
2 β −(m2A0 +m2Z) sin β cosβ
−(m2A0 +m2Z) sin β cos β m2A0 cos2 β +m2Z sin2 β
)
. (1.63)



























where the mixing angle, at tree level, is given by


























with mh0 ≤ mH0 . In the convention chosen here, the VEVs are positive so that 0 < β < π/2
and −π/2 < α < 0. Notice that it implies an upper bound on the h0 tree level mass of
mh0 < mZ | cos 2β| and therefore mh0 < mZ .
Similarly one gets a relation between the physical pseudoscalar A0, the neutral Goldstone
boson G0 and the scalar weak eigenstates, χ01 and χ
0
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where now the mixing angle is β, and also between the charged fields in Eq. (1.28) and the






cos β sin β
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All the previous tree level relations and Higgs mass predictions are modified once the radiative
corrections are included (see [121–132]). In particular, when electroweak radiative corrections to
the Higgs masses are taken into account, the upper bound on mh0 increases substantially from
mZ up to mh0 ≤ 135 GeV (this is assuming that all supersymmetric particles are not heavier
than about 1 TeV). This bound is particularly relevant for the Higgs boson searches at next
generation colliders and will be considered in the present work.
1.3 The MSSM extended with three νR and their superpartners
In this section the enlarged version of the MSSM with three νR and their SUSY partners ν˜R is
considered. We define correspondingly the MSSM-seesaw model as the extended MSSM with
three νR and three ν˜R and where the neutrino masses are generated by the seesaw mechanism.
All that has been sumarised in section 1.1 concerning the mass parameters and mixings in the
neutrino sector of the SM-seesaw applies to the MSSM-seesaw model as well, so we will not
repeat it here.
The previous superpotential of Eq. (1.34) must be modified to include the neutrino Yukawa
couplings and neutrino Majorana mass terms. The relevant superpotential for this MSSM-seesaw
model is therefore
W = Uˆ c Yu Qˆ Hˆ2 + Dˆ
c Yd Qˆ Hˆ1 + Nˆ
c Yν Lˆ Hˆ2 + Eˆ




c + µHˆ1Hˆ2 , (1.70)
where Nˆ c is the additional superfield that contains the three right-handed neutrinos νRi and
their scalar partners ν˜Ri . Here and from now on, the Yukawa couplings Yu, Yd, Yν , Yl and the
Majorana mass mM are 3× 3 matrices in lepton flavour space. We will further assume that we
are in a basis where Yu, Yd, Yl and mM are diagonal.
After EW symmetry breaking, the charged lepton and Dirac neutrino mass matrices can be
written as
ml = Yl 〈H1〉 , mD = Yν 〈H2〉 , (1.71)
where again 〈H1〉 = v1 and 〈H2〉 = v2 are the VEVs of the neutral Higgs scalars, with v1 =
v cos β, v2 = v sin β and v = 174 GeV.
The introduction of right-handed neutrinos and therefore, the corresponding right-handed
sneutrinos, change the properties of the sneutrino sector described in Eq. (1.52). Now there are
two degrees of freedom ν˜L and ν˜R for each generation and one has to proceed similarly to the
charged slepton sector diagonalisation. However, in the sneutrino sector, the “small” matrix
ξ = mDm
−1
M appears as in the neutrino sector and gives rise to a natural suppresion of the right-
handed sneutrino components in the relevant mass eigenstates, leading to a diagonalisation
procedure that is simpler than in the charged slepton case. In order to understand properly this
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feature of the MSSM-seesaw model, we will first illustrate this diagonalisation process for the
sneutrino sector in the one generation case where this behaviour is already present. We will next
extend it to the three generations case, first without considering any intergenerational mixing,
and in Section 1.5 we will introduce the intergenerational mixing.
The addition of right-handed neutrinos and sneutrinos to the MSSM leads to new terms in
the MSSM lagrangian. In particular the soft SUSY breaking potential of Eq. (1.36) must be
modified to include new mass and coupling terms for the right-handed sneutrinos which for the
one generation case are the following:


















Rν˜R + h.c.) , (1.72)
where mM˜ , Aν and BM are the new soft breaking parameters. The sneutrino mass terms of the





















Z cos 2β mD(Aν − µ cot β ±mM)
mD(Aν − µ cot β ±mM ) m2M˜ +m2D +m2M ± 2BMmM
)
. (1.74)
Notice that now there are several mass scales involved, the soft SUSY-breaking parameters, mL˜,
mM˜ , BM and Aν , the Dirac mass mD, the µ-mass parameter, the Z boson mass mZ and the
Majorana neutrino mass mM . Our basic assumption in all this work is that mM is much heavier
than the other mass scales involved, mM >> mD,mZ , µ,mL˜,mM˜ , Aν , BM . The size of BM has
been discussed in the literature [133, 134] and seems more controversial. For simplicity, we shall
assume here that this is also smaller than mM . In this large mM limit, the diagonalisation of
the previous sneutrino squared mass matrix is simpler and leads to four mass eigenstates, two
of which are light, ξl1, ξ
l




2 . In the leading orders of the series expansion in
powers of ξ the mass eigenstates and their corresponding mass eigenvalues are given by
ξl1 =
√
2 (Re(ν˜L)− ξRe(ν˜R)) , ξl2 =
√
2 (Im(ν˜L) + ξIm(ν˜R)) ,
ξh1 =
√












m2Z cos 2β ∓ 2mD(Aν − µ cot β −BN )ξ ,
m2
ξh1,2
= m2M ± 2BMmM +m2M˜ + 2m2D . (1.75)
Here we can see that the heavy states ξh1,2 will couple very weakly to the rest of particles of the
MSSM via their ν˜L component, which is highly suppresed by the small factor ξ and, therefore,
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at the electroweak scale it is a good approximation to ignore them and keep just the light states
ξl1,2, which are made mainly of ν˜L and its complex conjugate ν˜
∗
L. We say then that the heavy
sneutrinos decouple from low energy physics.
The previous analysis can be easily generalised to the three generations case. By working
in the simplified basis with just the light sneutrinos, referred now to the three generations case,
we can see that before introducing any possible intergenerational mixing, the relevant 3 × 3
sneutrino squared mass matrix is already diagonal, since the LR mixings can be ignored for





















are the same as in the charged slepton squared mass matrix of Eq. (1.43). Therefore,
in the seesaw limit, ξ ≪ 1, the physical sneutrino eigenstates, ν˜β (β = 1, 2, 3) are made mainly
of just the left handed components, that is the ν˜L, l states with l = e, µ, τ respectively, and
their corresponding complex conjugates. The situtation described above will change when the
intergenerational mixing in the lepton sector is considered, as will be explained in Section 1.5.
1.4 Constrained SUSY-seesaw models
As already mentioned in the introduction, we will work in constrained SUSY scenarios where the
number of input parameters is reduced by assuming universality conditions of the soft parameters
at the gauge coupling unification scale, MX = 2×1016 GeV, inspired in mSUGRA-like scenarios.
Specifically, we will work in two scenarios, one with universal scalar masses, trilinear couplings
and gaugino masses which will be named here CMSSM-seesaw, and another one with universal
sfermion masses, trilinear couplings and gaugino masses but with non-universal soft masses
for the Higgs bosons, that we will call NUHM-seesaw. In these two constrained SUSY-seesaw
scenarios the predictions for the low-energy parameters are obtained by solving the full RGEs,
which must now include the appropriate equations and extra terms for the extended neutrino
and sneutrino sectors. Due to the existence of intermediate scales mM introduced by the seesaw
mechanism, the running must be carried in two steps. The full set of equations is first run down
fromMX tomM . At the seesaw scales, the right-handed neutrinos as well as their SUSY partners
decouple, and the new RGEs (without the equations and terms for νR and ν˜R) are then run
down from mM to the EW scale, where the couplings and mass matrices are finally computed.
Notice that the high energy scale MX is taken here to be the gauge coupling unification scale.
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For the numerical implementation of the above procedure we have used the public Fortran
code SPheno2.2.2 [135] which integrates the RGEs to one-loop. The value of MX is derived
from the unification condition of the SU(2) and U(1) gauge couplings (systematically leading
to a value of MX very close to 2 × 1016 GeV throughout all the numerical analysis), while
|µ| is derived from the requirement of obtaining the correct radiative EW symmetry breaking.
The code SPheno2.2.2 has been adapted by us in order to fully incorporate the right-handed
neutrino and sneutrino sectors, as well as the full lepton flavour structure.
1.4.1 CMSSM-seesaw scenarios
In these constrained SUSY-seesaw scenarios the universality conditions of the soft-SUSY break-





























= M20 δij ,






M1 =M2 =M3 =M1/2 , (1.77)
where M0 is the universal scalar soft mass, M1/2 is the universal gaugino soft mass, A0 is
the universal trilinear coupling and i, j denote lepton flavour indices, with i, j = 1, 2, 3. This
scenario is further specified by the the ratio of the Higgs VEVs, tan β, and the sign of the bilinear
µ-parameter, sign(µ).
In summary, the CMSSM-seesaw scenario is defined by the following (unknown) input pa-
rameters:
• SUSY parameters: M0, M1/2, A0, sign (µ) and tanβ.
• ν-seesaw parameters: mN1 , mN2 , mN3 and R (or equivantly θ1, θ2, θ3).
1.4.2 NUHM-seesaw scenarios
An interesting departure from the previous CMSSM-seesaw scenarios can be obtained by re-
laxing the universality hypothesis for the soft SUSY breaking masses of the Higgs sector. This
partially constrained MSSM is commonly referred to as the Non Universal Higgs Mass (NUHM)
scenario [77–89], and its enlarged version (including right-handed neutrinos and sneutrinos) with
the seesaw mechanism implemented will be here designated NUHM-seesaw. The universality
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= M20 δij ,
(Au)ij = A0 (Yu)ij , (Ad)ij = A0 (Yd)ij , (Al)ij = A0 (Yl)ij , (Aν)ij = A0 (Yν)ij
M1 =M2 =M3 =M1/2 , (1.78)
Notice that now the soft Higgs mases MH1 and MH2 are not universal. The departure from
universality in the soft Higgs masses of the NUHM-seesaw is parameterised here in terms of two
non-vanishing parameters, δ1 and δ2,
M2H1 =M
2




0 (1 + δ2) . (1.79)
The most important features of these scenarios, for the present work, is that a proper choice of
these non-universal parameters, δ1 and δ2, can lead us to light Higgs particles, with masses mH0
and mA0 (in addition to mh0) indeed close to the present lower experimental bound (near the
SM bound mHSM > 114 GeV [10]), even for very large soft SUSY masses of O(1 TeV).
In summary, the NUHM-seesaw scenarios are specified by the following (unknown) input
parameters:
• SUSY parameters: M0, M1/2, A0, sign (µ) and tanβ.
• NUHM parameters: δ1 and δ2.
• ν-seesaw parameters: mN1 , mN2 , mN3 and R (or equivantly θ1, θ2, θ3).
1.4.3 Parameter space of constrained SUSY-seesaw models
For the forthcoming numerical estimates of LFV rates in this thesis, we will explore the (M0,
M1/2, A0, tanβ, sign(µ)) parameter space considering the following intervals:
250GeV <M1/2 < 2000GeV ,
250GeV <M0 < 2000GeV ,
−500GeV <A0 < 500GeV ,
3 < tan β < 60 , (1.80)
and we will consider the two possibilities, sign(µ) = ±1. In addition, for the NUHM-seesaw
scenario and in order to further reduce the number of input parameters, we will set M0 =
M1/2 ≡ MSUSY. The values for the non-universal parameters δ1 and δ2 will be taken to lie
within the interval
−3 ≤ δ1,2 ≤ 3 . (1.81)
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Regarding the seesaw parameters, we will consider the following intervals for heavy neutrinos:
Degenerate case: 108GeV ≤ mN ≤ 1015GeV
Hierarchical case: mN1 ≪ mN2 ≪ mN3 , 109GeV ≤ mN3 ≤ 1015GeV (1.82)
Besides, we will explore the values of complex angles θi of the R matrix within the following
intervals:
0 ≤ |θ1|, |θ2|, |θ3| ≤ 3 ,
− π ≤ arg θ1, arg θ2, arg θ3 ≤ π . (1.83)
1.5 Slepton and sneutrino flavour mixing in SUSY-seesaw mod-
els
In this section we study the generation of lepton flavour mixing in the slepton and sneutrino
sectors of SUSY-seesaw models. Since we work within constrained scenarios with universal
conditions on the mass matrices at MX which are diagonal in flavour space, all slepton and
sneutrino flavour mixing at low energies will solely come from the RGE generated radiative
corrections involving Yν . Notice that these corrections can be important since, due to the
Majorana nature of the neutrinos, the Yukawa couplings may be as large as O(1). As we will
see later, these slepton and sneutrino flavour mixings will produce in turn, via SUSY-loops,
sizeable contributions to lepton flavour violating processes, like LFV radiative decays lj → li γ
and others.
As we have previously said the RGE running from MX down to the EW scale is performed
in two steps. First from MX to mM where all equations, including neutrinos and sneutrinos,
participate, and next from mM to the EW scale where the right-handed neutrinos and their
superpartners decouple and, therefore, they are not included in the RGEs. The most important
flavour mixing in the slepton and sneutrino soft terms is produced in the first step of this running,
that is from MX to mM . The clearest way to illustrate this RGE-induced intergenerational
mixing is by working in the one-loop leading-log (LLog) approximation where the approximate
solution for the off-diagonal terms (i 6= j, i, j = 1, 2, 3) can be written as [49]
(∆m2
L˜
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The previous equations indicate clearly that the size of the off-diagonal matrix elements are
driven by the size of the off-diagonal (Yν)ij matrix elements. We also see that, within the LLog
approximation, the dominant flavour off-diagonal matrix elements are those of the LL sector
since they become enhanced with factors given by squared soft-breaking parameters. The next
dominant elements are those of the LR sector (which are suppressed by the small lepton mass)
and the smallest ones are those of the RR sector.
The matrix elements (Y †ν LYν)ij in Eq. (1.84) can be simply written in terms of the parame-









mν3 c1 c2 s13 +
√
mν2 s1 c2 s12 c13 +
√
















2 (s12 c23 + c12 s13 s23)
)]
L22mN2
[(−√mν3 s13 (s1 c3 + c1 s2 s3) + √mν2 s12 c13 (c1 c3 − s1 s2 s3) + √mν1 c2 s3 c12 c13)(−√mν3 c13 s23 (s∗1 c∗3 + c∗1 s∗2 s∗3) − √mν1 c∗2 s∗3 (s12 c23 + c12 s13 s23)+
√




mν3 s13 (s1 s3 − c1 s2 c3) −
√
mν2 s12 c13 (s1 s2 c3 + c1 s3) +
√
mν1 c12 c13 c2 c3
)(√










3 (s12 c23 + c12 s13 s23)−
√
mν2 (c12 c23 − s12 s13 s23) (c∗1 s∗3 + s∗1 s∗2 c∗3)
)]
, (1.85)
where again sij ≡ sin θij, cij ≡ cos θij, si ≡ sin θi and ci ≡ cos θi. This is the relevant matrix
element for µ− e transitions (i.e., intergenerational mixing between the second and first lepton









mν3 c1 c2 c13 s23 +
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mν2 s1 c2 (c12 c23 − s12 s13 s23) −
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2 (s12 s23 − c12 s13 c23)
)]
L22mN2
[(−√mν3 c13 s23 (s1 c3 + c1 s2 s3) − √mν1 c2 s3 (s12 c23 + c12 s13 s23)+
√
mν2 (c12 c13 − s12 s13 s23) (c1 c3 − s1 s2 s3)
)(−√mν3 c13 c23 (s∗1 c∗3 + c∗1 s∗2 s∗3) + √mν1 c∗2 s∗3 (s12 s23 − c12 s13 c23)−
√








mν3 c13 s23 (s1 s3 − c1 s2 c3) −
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mν1 c2 c3 (s12 c23 + c12 s13 s23)−
√
mν2 (c12 c23 − s12 s13 s23) (s1 s2 c3 + c1 s3)
)(√
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This latter element is the relevant one for LFV τ − µ processes. Similarly, the v22(Y †ν LYν)31
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matrix element, omitted here for brevity, is the relevant one for τ − e transitions. From the
previous expressions, we can already conclude that the most relevant parameters to get large
intergenerational mixings are mN3 in the case of hierarchical neutrinos (mN in the degenerate
case) and the complex angles θ1 and θ2 (all θi for the degenerate case). In the case of µ− e and
τ − e transitions we will further see that the angle θ13 of the UPMNS matrix and the lightest
neutrinos mass mν1 also play an important role (but they are irrelevant for τ − µ transitions).
Due to the previously commented RGE running from MX down to the EW scale, which
induces flavour mixing in the low-energy slepton squared mass matrices, these will contain in
general non-vanishing off-diagonal entries and one has to proceed to the full diagonalisation
of these general matrices. The situation is qualitatively different for charged sleptons and for
sneutrinos as we will be seen next.
The most general squared mass matrix for the case of charged sleptons is given by a 6 × 6
matrix, with all entries being now non-vanishing. Therefore, the corresponding matrix, referred

































































































− m2Z cos 2β sin2 θW δij ,




− µY ijl v2 ,





The off-diagonal entries in flavour space are originated obvioulsy from the soft-SUSY breaking
masses and trilinear couplings above, mL˜,ij, mE˜,ij and A
ij
l , with i, j = e , µ , τ , which here refer
to their corresponding values at the electroweak scale. As we have already said, we will get
them by solving numerically the RGEs to one loop with the public code SPheno2.2.2 and by
imposing the universality conditions at MX for the sfermion and gaugino sectors, Eq. (1.77),
together with the corresponding ones for the Higgs sector.
Regarding the sneutrino sector, we work in the very good approximation explained previously
where at low energies we keep just the light sneutrino states which are made mainly of ν˜L’s and
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assume that the ν˜R’s decouple [133]. Thus, the diagonalisation procedure is simpler than in the
charged slepton case since the sneutrino squared mass matrix is 3× 3 type. This 3× 3 matrix,

































are the same as in the previous charged slepton squared mass matrix.




















where Rl and Rν are unitary rotation matrices.
Notice that when working in the physical mass eigenstate basis, all the information of flavour
mixing is encoded in the previous values of the physical masse ml˜i and mν˜i and the rotation
matrices Rl and Rν . In particular, these physical parameters will transmit the flavour mixing
to the relevant couplings for the forthcoming computation of LFV rates, that are summarised
in Appendix A.
1.5.1 Dependence of slepton and sneutrino flavour mixing on seesaw param-
eters
In order to illustrate the size of the flavour mixing in slepton and sneutrino sectors, we define






























is an average slepton squared mass, which we have set in terms of the physical masses.
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One can estimate the previous dimensionless parameters of Eq. (1.91) by using the LLog




























)ij , (∆Al)ij and (∆m
2
E˜
)ij are given in Eq. (1.84). Notice that the results in Eq (1.84)











Some studies of bounds on these parameters from experimental data can be found in [136–
138]. In the following and for illustrative purposes, we will show first some results in the LLog
approximation. We will see later that some predictions of the full computation disagree with
the LLog results, what indicates that the LLog approximation does not fully work. For the
following discussion we choose the CMSSM-seesaw scenario.
We show in Figs. 1.1 and 1.2 the predictions of the δij ≡ δijLL
∣∣∣
LLog
parameter as a function
of the seesaw parameters, and in some selected examples within the scenarios described in
Eq. (1.20) and Eq. (1.21). We show in Fig. 1.1a the dependence of |δij | with mN , for degenerate
heavy neutrinos, quasi-degenerate light neutrinos and real R. Notice that in this case, the δij
turn out to be independent on R. As can be seen, the three |δij | grow with mN and the largest
one, which is |δ32|, reaches values up to 2.4 × 10−3 for mN = 1014 GeV. The size of |δ21| can
reach values up to 3.8×10−5 for mN = 1014 GeV, and correspondingly for |δ31| ≃ |δ21|. The size
of the δij in this scenario with degenerate heavy neutrinos and quasi-degenerate light neutrinos
can obviously be increased if R is assumed instead to be complex. In this case, the δij are in
general complex numbers. As an example, we show in Fig. 1.1b the dependence of |δij |, with
mN = 10
14 GeV, on the parameter a of Eq. (1.25), for a = b = c . The size of |δij | increases
clearly with a and, for the studied range, |δ21| can be as large as 2 × 10−2. In particular, for
values of |abc| ≃ 10−5, that is claimed to generate succesfull baryogenesis [139], the generated
|δij | are still large, namely, |δ21| = 4 × 10−3. Notice also that the relative size of the different
δij changes with respect to Fig. 1.1a. Similar conclusions can be reached if we use instead the
R parameterisation with complex θ1, θ2 and θ3.
The case of hierarchical heavy and light neutrinos is shown in Figs. 1.1c and 1.1d for real
R and in Fig. 1.2 for complex R. In Fig. 1.1c it is plotted the dependence with real θ1 with
(mN1 ,mN2 ,mN3) = (10
8, 2× 108, 1014) GeV and θ2 = θ3 = 0. We see that δ32 is the largest one








































Figure 1.1: Dependence of δij with the seesaw parameters. Solid, long-dashed and short-dashed
lines are for δ32, δ31 and δ21 respectively. The two upper plots are for quasi-degenerate light
neutrinos and degenerate heavy neutrinos. The two lower plots are for hierarchical light and
heavy neutrinos. (a) Upper left panel: Dependence with mN for real R. (b) Upper right panel:
Dependence with the a parameter with mN = 10
14 GeV and complex R, with a = b = c. (c)
Lower left panel: Dependence with real θ1 for (mN1 ,mN2 ,mN3) = (10
8, 2× 108, 1014) GeV and
θ2 = θ3 = 0.(d) Lower right panel: Same as in (3c) but for UPMNS = 1. In all plots here,
tanβ = 35.
and reaches negative values up to −1.96 × 10−2 at the points θ1 = 0, ±π, precisely where δ21
and δ31 vanish. Notice that the point θ1 = 0 in Fig. 1.1c corresponds to the simplest case of
R = 1 and, therefore, represents the situation where the UPMNS matrix is the only origin for
flavour changing. This means that our experimental input for the UPMNS matrix generates by
itself sizeable rates for slepton flavour mixing between the second and third generations. The
alternative situation where just the R matrix is generating the flavour mixing is illustrated in
Fig. 1.1d. Here we show the δij dependence with θ1 for θ2 = θ3 = 0 and UPMNS = 1. We see that
|δ32| reaches values up to about 7.8× 10−3 whereas δ21 and δ31 vanish for all θ1. By comparing
these two situations we can infere that, for the case of real R with θ1 6= 0 and θ2 = θ3 = 0,
the induced mixing between the second and third generations from the experimental UPMNS is
relevant and can be even larger than the effect from R.
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Figure 1.2: Dependence of |δij | on the seesaw parameters for hierarchical neutrinos and complex
θi. Solid, long-dashed and short-dashed lines (the two later being undistinguishible in the
plots) are for |δ32|, |δ31| and |δ21| respectively. Left panels: Dependence with |θ1|, |θ2| and
|θ3| respectively. We take arg θi = π/4, correspondingly, and the rest of angles are set to
zero. Right panels: Dependence with arg θ1, arg θ2 and arg θ3 respectively. We take |θi| = π,
correspondingly, and the rest of angles are set to zero. In all plots here, (mN1 ,mN2 ,mN3) =
(108, 2× 108, 1014) GeV and tanβ = 35.
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We have also studied in this hierarchical case the alternative choices for real R with θ2 6= 0,
θ1 = θ3 = 0 and with θ3 6= 0, θ1 = θ2 = 0, although the corresponding plots are not shown
here for brevity. We find a δ32 dependence on θ2 very similar to that on θ1, with maximum
negative δ32 values at θ2 = 0,±π of −1.96× 10−2. In contrast, δ21 and δ31 now take very small
values whose maximum are 2.4×10−5. Regarding the dependence with θ3 a different situation is
found, where the three δ21, δ31 and δ32 are approximately constant with θ3 and take the values,
δ32 = −1.96× 10−2, and δ31 ≃ δ21 = 2.4× 10−5, respectively.
The case of hierarchical neutrinos with complex R produces, in most cases, complex δij values
and their moduli are in general larger than in the case of real R, as can be clearly seen in Fig. 1.2.
The particular choice for the heavy neutrino masses (mN1 ,mN2 ,mN3) = (10
8, 2×108, 1014) GeV,
where the two lightest neutrinos have closer masses and well below the mass of the heaviest one,
produces the specific pattern shown in these plots, where the dependence of |δ32| on θ1, for
θ2 = θ3 = 0, and on θ2, for θ1 = θ3 = 0 are very similar, and |δ32| can reach very large
values for a large region of the (|θi|,arg(θi)), i = 1, 2 parameter space. For instance, for fixed
arg(θ1) = π/4, and |θ1| up to π we find |δ32| values up to 0.46 and similarly for θ2. Larger values
of arg θi, i = 1, 2, produce even larger |δ32| and it reaches its maximum at arg(θi) = π/2. In
contrast, δ21 and δ31 reach much smaller values with complex θ2 than with complex θ1, being
|δ21| ≃ |δ31| < 5 × 10−4 for |θ2| < π. On the other hand, they depend strongly on complex θ1
and |δ21| can reach too large values, up to O(10−1). Finally, the behaviour with complex θ3 is
very similar to the real case, with the three |δ21|, |δ31| and |δ32| being nearly constant with θ3.
Their values are |δ32| = 1.96× 10−2 and |δ21| ≃ |δ31| = 2.4 × 10−5, respectively.
The correlation between |δ32| and |Y 32ν | is clearly shown in Fig. 1.3. Here we have set
MSUSY = M0 = M1/2 = 250 GeV, A0 = 0, (mN1 ,mN2 ,mN3) = (10
10, 1011, 1014) GeV, and
hierarchical light neutrino parameters as in Eq. 1.22. We see that |δ32| follows the same pattern
as |Y 32ν | (and |Y 33ν |) and can reach large values in the range 0.1-1 for several choices of |θ2|
and arg θ2. The dips are also found at the same |θ2| value for both |δ32| and |Y 32ν | predictions
and occur for real θ2 and due to the particular parameterisation of R in Eq. (1.23) in terms of
cos θi and sin θi. Notice also that the predictions for |δ32| corresponding to Yukawa couplings
larger than about 4 are not shown, because in this plot and in the following predictions for LFV
processes in this work perturbativity in all the gauge and Yukawa couplings are imposed. This is
set numerically in the code SPheno2.2.2 by the requirement |Yν |2/(4π) < 1.5 and corresponds
to a maximal predicted value of about |δ32| < 0.4. The corresponding predictions with respect
to θ1 are very similar to those of θ2 and are not shown for brevity.
The numerical predictions for |δ32| with hierarchical neutrinos as a function of the heaviest
neutrino mass, mN3 are shown in Fig.1.4. |δ32| values within the range 0.1-1 are obtained for
large mN3 values, say within the interval 10
13 − 1015 GeV. Notice that |δ32| for θ2 = 2.9 eipi/4
enters into the above commented non-perturbative region for values larger than mN3 = 10
14
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Figure 1.3: Correlation between |Y 32ν | and |δ32|, in the CMSSM-seesaw scenario, as a function
of |θ2|, for arg θ2 = {0, π/8 , π/4 , 3π/8, π/2} (dots, crosses, asterisks, triangles and circles,
respectively). Both |θ2| and arg θ2 are given in radians. The predictions for |Y 33ν | are practically
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Figure 1.4: |δ32|, in the CMSSM-seesaw scenario, as a function of mN3 .
GeV. Concretely, the value |δ32| = 1, which is interesting for later discussion and comparison
with other works, corresponds to mN3 = 3 × 1014 GeV and lies clearly in the non-perturbative
region. Finally, we have checked that |δ32| is not much dependent on tanβ nor on mN1,2 .
In summary, the case of hierarchical heavy neutrinos with complex θi leads to larger δij
values than the degenerate case and, in consequence, larger LFV rates.
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Figure 1.5: Predicitons of the full parameters |δ32LL,LR,RR| for quasi-degenerate light neutrinos,
degenerate heavy neutrinos and real R. (a) Left panel, dependence on tanβ formN = 10
14 GeV,
(b) right panel, dependence on mN for tanβ = 50. The other input parameters are M0 = 400
GeV, M1/2 = 300 GeV, A0 = 0 and sign(µ) > 0.
Next we compare the full RGEs predictions with the previous results of the LLog approxi-
mation.




RR, as defined in Eq. (1.91),
for the case of quasi-degenerate light neutrinos and degenerate heavy neutrinos as a function of
tan β andmN . These are the flavour changing parameters that are the relevant ones for the τ−µ
transitions. As expected from the previous results of the LLog approximation, we see in Fig. 1.5
that |δ32LL| is much larger than |δ32LR| and |δ32RR|. However, we get |δ32RR| larger than |δ32LR| and it
can be indeed two orders of magnitude larger than |δ32LR| at large tan β. The parameter |δ32RR|
is clearly the most sensitive to tan β. It is clear that, at least for the parameters chosen here,
the LLog approximation does not fully work. Indeed, we will see later in the estimates of LFV
rates that there are cases (in particular for large negative A0) where the LLog approximation
fails even more, leading to overestimates of those rates in more than a factor 104.
We show in fig 1.6 the dependence of the other full parameters |δ12,13LL,LR,RR| on tan β. The
main difference is that here |δ12(13)LR | is larger than |δ12(13)RR |. The maximum reached values are
very small in this case, |δ12(13)LL | ∼ 5× 10−5.
The predictions of the full parameters |δ32LL,LR,RR| as a function of |θ2| for hierarchical neu-
trinos are shown in Fig. 1.7. We see that |δ32LL| can reach very large values, up to 0.4, for |θ2| = 3
and arg(θ2) = π/4. We have checked that this particular choice of θ2 = 3e
ipi/4 gives rise to large
neutrino Yukawa matrix elements |Y 33ν | and |Y 32ν | of the order of 1, which are the responsible for
this large mixing in the slepton sector. By comparing this figure with Fig. 1.3 we also see that
the numerical predictions for the full δ32LL and δ32 of the LLog approximation are indeed pretty
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Figure 1.6: Predicitons as a function of tanβ of the full parameters |δ12,13LL,LR,RR| for quasi-
degenerate light neutrinos, degenerate heavy neutrinos, real R and for mN = 10
14 GeV. (a) left
panel, |δ31LL,LR,RR| and (b) right panel, |δ21LL,LR,RR|. The other input parameters are M0 = 400
GeV, M1/2 = 300 GeV, A0 = 0 and sign(µ) > 0.










Figure 1.7: Dependence of the full parameters |δ32LL,LR,RR| on |θ2| for hierarchical neutrinos
and for arg(θ2) = π/4, (mN1 ,mN2 ,mN3) = (10
8, 2 × 108, 1014) GeV, θ1 = θ3 = 0, tanβ = 50,
M0 = 400 GeV, M1/2 = 300 GeV, A0 = 0 and sign(µ) > 0.
close. This so, even that the choices for mN1 and mN2 are different in this two plots, but as we
have said the relevant mass for the right-handed neutrinos is the heaviest one, mN3 , which is
common in the two plots. Therefore, in this case the LLog approximation works well for the LL
parameter, but again fails for the LR and the RR ones.
Finally, we summarise in Fig. 1.8 the predictions of the relevant entries of the Yν coupling
matrix as a function of |θ1| for hierarchical neutrinos. Similar results are obtained for the




























































































































































































































































































































































54 Supersymmetric models with seesaw mechanism
1.6 Examples of spectra of constrained SUSY-seesaw models
The spectrum of the constrained MSSM-seesaw scenarios is very similar to the common CMSSM-
like scenarios, but it is slightly modified by the introduction of the seesaw mechanism and the
existence of new particles (right-handed neutrinos and sneutrinos) which take part in the RGEs.
SPS M1/2 (GeV) M0 (GeV) A0 (GeV) tan β µ
1 a 250 100 -100 10 > 0
1 b 400 200 0 30 > 0
2 300 1450 0 10 > 0
3 400 90 0 10 > 0
4 300 400 0 50 > 0
5 300 150 -1000 5 > 0
Table 1.2: Values of M1/2, M0, A0, tanβ, and sign µ for the SPS points considered in the
analysis.
Within the CMSSM, instead of scanning over the full (M1/2, M0, A0, tan β, sign µ) param-
eter space, it is usual in the literature to define specific points, each exhibiting distinct charac-
teristics from the low-energy phenomenology point of view, which are specified by means of the
“Snowmass Points and Slopes” (SPS) cases [140] listed in Table 1.2. These points are bench-
mark scenarios for an mSUGRA SUSY breaking mechanism. Points 1a and 1b are “typical”
mSUGRA points (with intermediate and large tanβ, respectively), lying on the so-called bulk
of the cosmological region. The focus-point region for the relic abundance is represented by
SPS 2, also characterised by a fairly light gaugino spectrum. SPS 3 is directed towards the
coannihilation region, accordingly displaying a very small slepton-neutralino mass difference.
Finally, SPS 4 and 5 are extreme tanβ cases, with very large and small values, respectively.
The corresponding mass spectra of each of these SPS points, which define different CMSSM
scenarios, are displayed in Figs. 1.9, 1.10 and 1.11.
As we have said, the introduction of right-handed neutrinos, their SUSY partners and the
seesaw mechanism vary the predicted spectrum of the previous CMSSM scenarios. For instance,
in the case with input parameters given by the SPS 4 point, assuming degenerate light and
heavy neutrinos with mN = 10
14 GeV and θi = 0, and by using the code SPheno2.2.2
2 to solve
the full one-loop RGEs we get the following MSSM spectrum (we just specify here the relevant
sectors for this thesis):
2In this code the predicted masses at the EW scale include in addition the corresponding corrections from
one-loop diagrams.


































































Figure 1.9: Mass spectrum of SPS 1a (left panel) and SPS 1b (right panel).
ml˜1 = 247 GeV mχ˜01 = 121 GeV mh0 = 114 GeV
ml˜2 = 397 GeV mχ˜02 = 232 GeV mH0 = 457 GeV
ml˜3 = 413 GeV mχ˜03 = 484 GeV mA0 = 457 GeV
ml˜4 = 416 GeV mχ˜04 = 493 GeV mν˜1 = 351 GeV
ml˜5 = 417 GeV mχ˜−1
= 232 GeV mν˜2 = 409 GeV
ml˜6 = 419 GeV mχ˜−2
= 495 GeV mν˜3 = 410 GeV.
We clearly see that the mass spectrum is very similar to that of the SPS 4 point in a CMSSM
scenario, shown in Fig. 1.11 (left panel). There are some slight differences like a noticeable
spliting between the charge sleptons, and also between the sneutrinos, but it is at the most of
2-3 GeV. The most important difference of this CMSSM-seesaw spectrum is the flavour mixing
that as we have said is implicit in the slepton and sneutrinos masses and in their corresponding
rotation matrices, which, as we will see in the next chapters, can be sizable and induce large
LFV rates, via SUSY-loops.
It is also interesting to compare the spectrum for the hierarchical heavy neutrino case with
the previous degenerate case. For instance, for the same input values as above but now with
(mN1 ,mN2 ,mN3) = (10
8, 2 × 108, 1014) GeV, θ1 = θ3 = 0 and θ2 set to the extreme value
θ2 = 2.8e
ipi
4 we get the following masses:



























































Figure 1.10: Mass spectrum of SPS 2 (left panel) and SPS 3 (right panel).
ml˜1 = 230 GeV mχ˜01 = 122 GeV mh0 = 114 GeV
ml˜2 = 356 GeV mχ˜02 = 232 GeV mH0 = 455 GeV
ml˜3 = 413 GeV mχ˜03 = 481 GeV mA0 = 455 GeV
ml˜4 = 417 GeV mχ˜04 = 490 GeV mν˜1 = 296 GeV
ml˜5 = 436 GeV mχ˜−1
= 232 GeV mν˜2 = 422 GeV
ml˜6 = 448 GeV mχ˜−2
= 492 GeV mν˜3 = 441 GeV
It is obvious that the complex R affects significantly the predictions of the masses, specially
in the slepton sector. For comparison with the previous case of reference, we also include here
the predicted masses for lower values of the universal soft parameters, M0 = 250 GeV and
M1/2 = 150 GeV, which lead to a lighter spectrum, and for the particular value θ1 = 2.8e
ipi
4
(θ2 = θ3 = 0):
ml˜1 = 94 GeV mχ˜01 = 58 GeV mh0 = 108 GeV
ml˜2 = 218 GeV mχ˜02 = 107 GeV mH0 = 269 GeV
ml˜3 = 259 GeV mχ˜03 = 284 GeV mA0 = 269 GeV
ml˜4 = 259 GeV mχ˜04 = 296 GeV mν˜1 = 143 GeV
ml˜5 = 273 GeV mχ˜−1
= 107 GeV mν˜2 = 247 GeV
ml˜6 = 273 GeV mχ˜−2
= 300 GeV mν˜3 = 261 GeV
Notice that the lightest slepton, neutralino, chargino and Higgs boson have masses close to their































































Figure 1.11: Mass spectrum of SPS 4 (left panel) and SPS 5 (right panel).
experimental lower bounds.
Similar patterns of SUSY masses are obtained for the NUHM-seesaw scenario. The main
difference is that a proper choice of the non-universality parameters δ1 and δ2, within the range
−3 ≤ δ1,2 ≤ 3, can lead us to a very different Higgs sector from the previous cases of CMSSM-
seesaw scenarios. We present some examples in the following.
The predictions of the Higgs boson masses mH0 and mA0, since the results for these two
masses are indistinguisable, as a function of δ1 and δ2 in the NUHM-seesaw scenarios with
hierarchical neutrinos are summarised in Fig. 1.12. We have chosen here the largest value of
tan β = 50 and three representative values of MSUSY = 250, 500 and 850 GeV for moderate,
heavy and very heavy SUSY spectra, respectively. The other parameters are set to the values
of mNi = (10
10, 1011, 1014) GeV, θi = 0, A0 = 0, θ13 = 5
◦ and sign(µ) = +1.
First, it is important to mention that not all the considered values of the δ1,2 parameters and
MSUSY allow for a correct SU(2)×U(1) breaking. In fact some particular choices for δ1, δ2 and
MSUSY lead to unacceptable negative values of Bµ (and hence, negative m
2
A0). For instance,
this is the case when δ1,2 are simultaneously positive or negative. Some other points, despite
leading to a proper SU(2) × U(1) breaking, are nevertheless not acceptable, since they lead
to a Higgs boson sector which is too light, with masses below the present experimental lower
limits. To ensure that our results are indeed experimentally viable, we have included in this,
and in the following, only the solutions where the three neutral Higgs boson masses are above
the experimental bound for the lightest MSSM Higgs boson, which at present is 110 GeV for
tan β > 5 (99.7% CL) [10]. The most interesting solutions with important phenomenological
implications are found for negative δ1 and positive δ2, the choice selected for Fig. 1.12. In this
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Universality
Figure 1.12: Mass of the heaviest Higgs scalar (mH0) as a function of the non-universality
parameter δ1, for fixed values of δ2 = {0, 0.5, 1, 1.5} (respectively dots, crosses, asterisks,
triangles). The universality case δ1,2 = 0 is represented by a large circle. We also take mNi =
(1010, 1011, 1014) GeV, set θi = 0, A0 = 0, tanβ = 50 and impose the relation M0 =M1/2. The
first three plots correspond to M0 = 250, 500 and 850 GeV, respectively. On the fourth plot,
we display the µ parameter as a function of the non-universality parameter δ1, for fixed values
of δ2, and for M0 = M1/2 = 500 GeV. The predictions for mA0 are indistinguisable from those
of mH0 in this figure.
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Figure 1.13: On the left, mass of the heaviest Higgs scalar (mH0) as a function of the SUSY
scale (MSUSY =M0 =M1/2), for fixed values of δ1 = {−1.8, −1.6, −1, 0} (respectively crosses,
asterisks, triangles and circles). We take mNi = (10
10, 1011, 1014) GeV, and set θi = 0, A0 = 0,
tanβ = 50 with θ13 = 5
◦. On the right, the µ-parameter is displayed as a function of MSUSY,
for the same choices of SUSY-seesaw parameters. The predictions for mA0 are indistinguisable
from those of mH0 in this figure.
figure, for all the explored values of δ1 and δ2, we find a value of mH0 that is significantly
smaller than what one would encounter in the universal case (here represented by the choice
δ1 = δ2 = 0). This is truly remarkable in the case of large soft breaking masses, as can be seen,
for instance, in the panel with MSUSY = 850 GeV, where low values of mH0 are still found,
even close to the experimental limit. For completeness we have also shown in Fig. 1.12 the
predictions for the µ parameter as a function of δ1 and δ2. This parameter turns out to be
nearly independent of δ1, and its largest values are obtained for δ2 = 0.
The behaviour of the predicted mH0 and µ parameter as a function of MSUSY =M0 =M1/2
is shown in Fig. 1.13. Here the specific values of δ1 = {−1.8, −1.6, −1, 0} and δ2 = 0 have been
considered. This figure again illustrates the interesting departure from the linear behaviour of
mH0 with MSUSY, which is generic in the universal case (δ1,2 = 0). In contrast, the µ parameter
conserves a similar linear behaviour with MSUSY in all the studied scenarios (universal and
non-universal).
As a representative example of these interesting non-universal points, we explicitly refer to
the case with δ1 = −1.8 and δ2 = 0, where the predicted masses are mH0 = 113, 174 and 127
GeV for MSUSY = 250, 500 and 850 GeV, respectively. For completeness, we have also collected
the corresponding masses of the other relevant SUSY particles in Table 1.3. Notice that, in
the case of MSUSY = 850 GeV, this table illustrates a very heavy SUSY spectrum, even with a
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considerably heavy lightest SUSY particle, mχ˜01 = 362 GeV, but where the heavy scalar Higgs
boson is still light, mH0 = 127 GeV.
MSSM masses MSUSY (GeV)
(GeV) 250 500 850
ml˜1 175 415 734
ml˜2 258 511 867
ml˜3 258 511 867
ml˜4 307 594 985
ml˜5 309 607 1025
ml˜6 323 609 1031
mν˜1 281 571 971
mν˜2 297 601 1022





mχ˜01 99 207 362
mχ˜02 185 394 687
mχ˜03 363 668 1067
mχ˜04 377 678 1074
mh0 110 119 123
mH0 113 174 127
Table 1.3: Relevant MSSM spectra for M0 = M1/2 = MSUSY, tanβ = 50, A0 = 0, θi = 0,
θ13 = 5
◦, MNi = (10
10, 1011, 1014) GeV, δ1 = −1.8 and δ2 = 0.
If one wants to obtain light Higgs bosons in the θi 6= 0 case, one needs to explore first
the optimal values of δ1 and δ2. We summarise the predictions for the Higgs boson mass mA0
(and mH0) as a function of δ1 and δ2 in Fig. 1.14 for the extreme value of θ2 = 2.9e
ipi/4. We
have chosen here tan β = 50 and two representative values of MSUSY = 250 and 750 GeV for
moderate and heavy SUSY spectra, respectively. The other parameters are set to the values of
mNi = (10
10, 1011, 1014) GeV, θ1 = θ3 = 0, A0 = 0 and sign(µ) = +1. The most interesting
solutions with important phenomenological implications are found for negative δ1 within the
range (−3,−2) and very small and positive δ2, the choices selected for Fig. 1.14. In this figure,
for all the explored values of δ1 and δ2, we find a value of mA0 that is significantly smaller than
what one would encounter in the universal case (here represented by the choice δ1 = δ2 = 0).
This is truly remarkable in the case of large soft breaking masses, as can be seen, for instance,
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Figure 1.14: Light mA0 predictions as a function of non-universal parameters δ1 and δ2 in the
NUHM scenario. The predictions for mH0 are indistinguisable from those of mA0 in this figure.
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, θ1 = θ3 = 0
δ1 = δ2 = 0
δ1 = -1, δ2 = 0.2
δ1 = -2, δ2 = 0.2
δ1 = -2.35, δ2 = 0.2
δ1 = -2.4, δ2 = 0.2
δ1 = -2.45, δ2 = 0.2
Figure 1.15: Light mA0 predictions as a function of MSUSY = M0 = M1/2 in the NUHM
scenario. The predictions for mH0 are indistinguisable from those of mA0 in this figure. The
predictions for the CMSSM scenario (δ1 = δ2 = 0) are also included for comparison.
The behaviour of the predicted mA0 as a function of MSUSY is depicted in Fig. 1.15. Here
the specific values of δ1 = {−2.45, −2.4, −2.35,−2, −1, 0} and δ2 = 0, 0.2 have been consid-
ered. This figure illustrates again the interesting departure in NUHM scenarios from the linear
behaviour of mA0 with MSUSY, which is generic in the universal case (δ1 = δ2 = 0).
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1.7 Other phenomenological implications from SUSY-seesaw mod-
els
As we have said, our main goal in this thesis is the study of the most important phenomeno-
logical implication of constrained SUSY-seesaw models, the production of large rates in LFV
processes. Here we will mention some consequences of this models which are also interesting from
a phenomenological point of view. On the one hand, the hypothesis of right-handed neutrinos
with a Majorana mass term which violates the lepton number offers in addition the possibility
of providing succesful baryogenesis via leptogenesis [38]. Within the framework of leptogenesis,
the observed baryon asymmetry of the Universe (BAU) is explained by the out-of-equilibrium
decays of the same heavy right-handed neutrinos which are responsible for the suppression of the
light neutrino masses. On the other hand, the presence of CP violating phases in the neutrino
Yukawa couplings has further implications on low-energy phenomenology. In particular, RGE
running will also induce, in addition to the LFV decays, contributions to CP violating (and
flavour conserving) observables, as is the case of the charged lepton electric dipole moments
(EDMs). Finally, the anomalous magnetic moment of the muon, aµ = (gµ − 2)/2, is known to
be sensitive to the new particle content of SUSY theories and the pressence of new possible CP
violation phases. One interesting possibility is that the corresponding SUSY contributions to aµ
could be the origin of the observed excess in aexpµ [141]. It is worth commenting here that there
are other proposed quantities which are also sensitive to the presence of new particles in these
constrained SUSY-seesaw models. Particularly interesting are the studies of B meson decays
like Bs → Xsγ and Bs → µ+µ−. The present data on the search of these channels put indeed
some constraints on the SUSY parameters. However, we do not consider these processes in this
thesis since we neglect the mixing in the quark (and squark) sector, what means that we set
UCKM = 1 and therefore quark-flavour changing processes do not occur.
In these section we have studied BAU, EDMs and aµ within the constrained SUSY-seesaw
scenarios. For the numerical computation we use the code SPheno2.2.2 that we have been
adapted with additional subroutines which estimate the value of the BAU, evaluate the contri-
butions to the charged lepton EDMs and compute the new contributions to aµ.
1.7.1 Thermal leptogenesis and gravitino constraints
In the class of scenarios considered in this thesis, the requirement of successfully generation of
BAU via thermal leptogenesis [38] is usually explained by the out-of-equilibrium decay of the
same heavy right-handed neutrinos which are responsible for the suppression of light neutrino
masses in the seesaw mechanism. The needed CP asymmetry for BAU is obtained from the
CP violating phases in the complex angles θi (see Eqs. (1.19), (1.23)), which, as will be seen
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in the next chapters, also have a clear impact on the LFV rates. Here we assume that the
necessary population of right-handed neutrinos emerges via processes in the thermal bath of the
early Universe. We will furthermore consider cosmological constraints on the reheat temperature
after inflation associated with thermally produced gravitinos. The reheat temperature, TRH, has
a strong impact on thermal leptogenesis since the thermal production of right-handed neutrinos
N1 is suppressed if TRH ≪ mN1 . Notice that although the constrained SUSY-seesaw scenarios
we take into account do not make any reference to gravity, they are considered very often in the
literature to be inspired in mSUGRA models, where obviously the gravitinos do play a role, as
will be commented next.
Gravitino problems and the reheat temperature
Thermally produced gravitinos can lead to two generic constraints on the reheat tempera-
ture [142]. Both are associated with the fact that in the scenarios under consideration, and
assuming R-parity conservation, the gravitinos will ultimately decay in the lightest supersym-
metric particle (LSP). Firstly, they can decay late, after the Big Bang nucleosynthesis (BBN)
epoch, and potentially spoil the success of BBN. This leads to upper bounds on the reheat
temperature which depend on the specific supersymmetric model as well as on the mass of the
gravitino. In particular, with a heavy gravitino (roughly above 100 TeV), the BBN constraints
can be nearly avoided. In the context of the present work, the gravitino mass is a free (unknown)
parameter, so that we can safely avoid the latter constraints for any given reheat temperature.
On the other hand, in mSUGRA the decay of a gravitino produces one LSP, which has an impact
on the relic density of the latter. The number of thermally produced gravitinos increases with
the reheat temperature, and we can estimate the contribution to the dark matter (DM) relic









which depends on the LSP mass, mLSP, as well as on the reheat temperature TRH. Tak-
ing the bound Ωnon−thLSP h
2 ≤ ΩDMh2 . 0.13 from the Wilkinson Microwave Anisotropy Probe
(WMAP) [143], we are led to an upper bound on the reheat temperature of






For most of the considered SUSY scenarios in this work, the mass of the LSP (which is the
lightest neutralino) is in the range 100 GeV - 150 GeV, resulting in an estimated upper bound
on the reheat temperature of approximately TRH . 2 × 1010GeV. In the following subsection,
we will consider the constraints on the R-matrix parameters from the requirement of generating
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the BAU via thermal leptogenesis, while taking into account the latter bound on the reheat
temperature.
Thermal leptogenesis
In the scenario with hierarchical right-handed neutrinos, which will be the most frequently
assumed in this thesis, the baryon asymmetry arises from the out-of-equilibrium decay of the
lightest right-handed neutrinoN1. The produced lepton asymmetry is then partially transformed
into a baryon asymmetry via sphaleron conversion. In the SUSY-seesaw models, the resulting
baryon to photon ratio from thermal leptogenesis can be written as [144]
nB
nγ
≈ − 1.04 × 10−2 ε1 η , (1.96)
where ε1 is the decay asymmetry of N1 into Higgs and lepton doublets and η is an efficiency
factor for thermal leptogenesis, which can be estimated by solving the Boltzmann equations.
The efficiency strongly depends on the ratio mN1/TRH as well as on the parameter m˜1 [145],










In the following, regarding the estimation of the efficiency η(m˜1,mN1/TRH), we will use the
numerical results of [144] for 10−7 eV ≤ m˜1 ≤ 1 eV and 0.1 ≤ mN1/TRH ≤ 100 (under the
assumption of a zero initial population of N1). As presented in [144], the efficiency dramatically
drops if eithermN1 ≫ TRH or if m˜1 strongly deviates from its optimal value m˜1 ≈ 10−3 eV. Thus,
the optimisation of this efficiency factor, to obtain a successful BAU, suggests that mN1 . TRH.

















with xj = m
2
Nj
/m2N1 , for j 6= 1.
Since in our analysis we use the R-matrix parameterisation of Eq. (1.19), it is convenient to
rewrite both the decay asymmetry ε1 (in the limit of hierarchical right-handed neutrinos) and
the washout parameter m˜1, in terms of the R-matrix parameters [147],














mνj |R1j |2 . (1.99)
As seen from the previous equation, a successful leptogenesis requires complex values of the
R-matrix entries in order to generate a non-zero decay asymmetry.
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The BAU estimate in Eq. (1.96) should be compared with the reported WMAP 68% confi-
dence range for the baryon-to-photon ratio [143]
nB
nγ
= (6.0965 ± 0.2055) × 10−10 . (1.100)
Finally, the constraints on the R-matrix parameters from the requirement of a successful
BAU compatible with the upper bound TRH . 2 × 1010 GeV are summarised in Figs. 1.16
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Figure 1.16: Constraints on the R-matrix angle θ2 (in radians) defined in Eq. (1.23), from
the requirement of a successful BAU via thermal leptogenesis (compatible with the constraint
on TRH from Eq. (1.95)). From out- to inner-most rings, the regions are associated with the
following BAU ranges: nB/nγ ∈ [10−10, 5.9 × 10−10], nB/nγ ∈ [5.9 × 10−10, 6.3 × 10−10],
nB/nγ ∈ [6.3× 10−10, 10−9] and nB/nγ & 10−9.
As one can see, the 68% WMAP confidence range of Eq. (1.100) corresponds to a very narrow
ring (represented by the darkest region in Fig. 1.16) in the Re(θ2)-Im(θ2) plane. Notice also
that values of either Re(θ2) or Im(θ2) larger than 1.2 radians (mod π) lead to very small values
of the BAU,namely nB/nγ < 10
−10. On the other hand, the analogous study of Fig. 1.17 shows
that with just θ3 (θ1 = θ2 = 0) one cannot accommodate the WMAP range. Similarly, values of
Re(θ3) or Im(θ3) larger than 1.2 radians (mod π) also lead to excessively small nB/nγ (< 10
−10).
Similar results regarding the constraints on θ2 and θ3 from successfull BAU via leptogenesis have
been found in [148] and [149]. We also see from Figs. 1.16 and 1.17 that a significant part of
the parameter space is excluded since the baryon asymmetry is produced with the wrong sign,
nB/nγ < 0, which contradicts observation.
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Figure 1.17: Constraints on the R-matrix angle θ3 defined in Eq. (1.23), from the requirement
of successful BAU via thermal leptogenesis with the constraint TRH . 2 × 1010GeV. Colour
code as in Fig. 1.16 (in this case only the region nB/nγ ∈ [10−10, 5.9× 10−10] is present).
Regarding θ1, and even though it cannot independently account for a successful BAU, it may
have an impact on leptogenesis if θ2 and/or θ3 are non-zero, as can be inferred from Eq. (1.99).
One can adopt a conservative approach and only require the estimated baryon-to-photon
ratio to be within the range
nB
nγ
∈ [10−10, 10−9] . (1.101)
This broad range for nB/nγ reflects the theoretical uncertainties in our estimate which may come,
for instance, from flavour effects in the Boltzmann equations [150–152] and, more generally, from
the approximations made in [144] in order to calculate the efficiency factor η. To accommodate
the extended range of Eq. (1.101), Figs. 1.16 and 1.17 suggest that one should take values of θ2
and θ3 not larger than approximately 1 radian (mod π).
Another possibility, that we do not study in this thesis, is to consider flavour-dependent
leptogenesis, which implies that even in the absence of CP violation in the right-handed neu-
trino sector (which would lead to a zero baryon asymmetry in the flavour-independent case),
a non-vanishing baryon asymmetry can in principle be generated from the CP phases in the
UPMNS [153].
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1.7.2 Charged lepton EDMs
The presence of CP violating phases in the neutrino Yukawa couplings has further implications
on low-energy phenomenology. In particular, RGE running will also induce, in addition to the
LFV processes, contributions to flavour conserving CP violating observables, as is the case of
the charged lepton EDMs. Here, we have also analysed the potential constraints on the SUSY
seesaw parameter space arising from the present experimental bounds [10] on the EDMs of the
electron, muon and tau, that are given by
|de| . (6.9 ± 7.4) × 10−28 e.cm , |dµ| . (3.7 ± 3.4) × 10−19 e.cm ,
− 2.2 × 10−17 . dτ . 4.5 × 10−17 e.cm . (1.102)
As argued in [154–157], the dominant contributions to the EDMs arise from the renormal-
isation of the charged lepton soft-breaking parameters. In particular, the EDMs are strongly
sensitive to the non-degeneracy of the heavy neutrinos, and to the several CP violating phases
of the model (in our case, the complex R-matrix angles). In the present analysis we have esti-
mated the relevant contributions to the charged lepton EDMs, taking into account the associated
one-loop diagrams (chargino-sneutrino and neutralino-slepton mediated), working in the mass
eigenstate basis, and closely following the computation of [158, 159] and [160].
In the presence of complex θi, the EDMs are clearly non-vanishing and we have numerically
checked that for all the explored parameter space, the predicted values for the electron, muon
and tau EDMs are well below the experimental bounds given in Eq. (1.102). More specifically,
for the whole parameter space analysed in this thesis we have obtained values for the EDMs
lying in the following ranges (in units of e.cm):
10−39 . |de| . 2×10−35 , 6×10−37 . |dµ| . 1.5×10−32 , 10−34 . |dτ | . 4× 10−31 . (1.103)
1.7.3 SUSY contributions to aµ
If radiative corrections are ignored, the g factor of the magnetic moment of the muon is 2. A
deviation from 2, namely g−2, is crucial to investigate quantum corrections. The present world
average experimental value of the anomalous magnetic moment of the muon, aµ = (gµ − 2)/2 is
given by [161, 162]
aexpµ = 116 592 080 (63) × 10−11 [0.54ppm] . (1.104)
The SM prediction aSMµ , which is usually split into three parts (QED, electroweak and hadronic),









µ = 116 591 748 (61) × 10−11 . (1.105)
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Therefore, one can conclude that there is an observed excess in aexpµ when compared to the SM
prediction, which is given by ∆ = aexpµ − aSMµ = 3.32 × 10−9 at 3.8σ [141].
It is already known that SUSY electroweak contributions to aµ can be significant, as large
or larger than the SM electroweak contribution, when sleptons, charginos and neutralinos have
masses within the range of a few hundred GeV [163–170]. Then, this observed excess could
come from SUSY contributions, i.e. ∆ = aSUSYµ , and their corresponding predictions must be
in agreement with this value.
1.8 Present experimental bounds on SUSY and Higgs boson
masses
Finally, we present here the current experimental bounds on the Higgs and SUSY particle masses.
Their corresponding bounds are based on the direct searches at the high energy colliders, LEP
and Tevatron, and are reviewed in [10].
Regarding the Higgs masses, h0, H0 and A0, the principal mechanism for producing the
Higgs particles in e+e− collisions at LEP energies is Higgs-strahlung in the s-channel, e+e− →
h0Z0,H0Z0 and the pair production e+e− → h0A0,H0A0 processes, with final states given by
bb¯bb¯, bb¯τ+τ− and τ+τ−τ+τ−. At the Tevatron, the associated production pp¯ → (h0orH0)V
(with V ≡ W±, Z0), and the Yukawa process pp¯→ h0bb¯ are the most promising search mecha-
nisms. The gluon fusion processes gg → h0,H0, A0 have the highest cross section, but in these
cases, only the Higgs to τ+τ− decay mode is promising, since the bb¯ decay mode is overhelmed
by QCD background. The current mass bounds at 95% CL are mh0 > 92.8 GeV and mA0 > 93.4
GeV [10, 171]. These limits are obtained in the mh0 − max scenario [171] where some of the
parameters have fixed values, in particular, MSUSY = 1 TeV, M2 = 200 GeV, µ = −200 GeV
and maximal stop mixing, χt = 2MSUSY , is assumed. Furthermore, values of tanβ from 0.7 to
2.0 are excluded3. Morevover, the combined LEP data [172] exclude charged Higgs bosons H±
with mass less than 78.6 GeV (95% CL), valid for arbitrary BR(H+ → τ+ν).
Concerning the experimental searches of SUSY particles, the absence of any signal from these
particles at present experiments allows to set limits on their masses. With regard to the squark
sector, the absence of any signal at Tevatron sets the lower limits on their masses in 89 GeV for
sbottoms and 95.7 GeV for stops. Considering events with three or more jets and large missing
ET , a lower bound on mq˜ of mq˜ > 250 GeV at 95 % CL is set [173] for the first two generations.
The limits on mg˜ summarised here refer to the high-mass region (mg˜ >∼ 5 GeV), and include
3One should note that the exclusion in tanβ can be smaller if the top mass turns out to be higher than the
assumed value of 174.3 GeV, or if MSUSY is taken to be larger than the assumed value of 1 TeV
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the effects of cascade decays, evaluated assuming a fixed value of the parameters µ and tan β.
The limits are weakly sensitive to these parameters over much of parameter space and assume
GUT relations between gaugino masses and the gauge coupling. The bound on the gluino mass
for mq˜ ≥ mg˜ is mg˜ >∼ 195 GeV. If all the squarks have the same mass, then the gluino mass
lower bound is 300 GeV. If, on the contrary, the squarks are much lighter than the gluino (in
which case they decay via q˜ → qχ˜01), the lower bound on the gluino mass is generally higher,
indeed larger than 300 GeV.
In the SUSY electroweak sector it is more difficult to set model independent bounds on the
supersymmetric masses. The mass limits for the lightest neutralino is derived by constraining
the MSSM paremeter space by the results from direct searches for neutralinos, charginos and
sleptons, stop and sbottoms. The results hold for the full parameter space defined by values of
M2 > 1 TeV, |µ| ≤ 2 TeV with the χ˜01 as the lightest supersymmetric particle (LSP). Its mass
bound is given by mχ˜01 > 46 GeV [174]. For the three heaviest neutralinos, the mass limits are
obtained by constraining the MSSM parameter space with gaugino and sfermion universality
at the GUT scale, using the negative direct searches for neutralinos, charginos and charged
slpetons. Their corresponding bounds are given by [175] mχ˜02 > 62.4 GeV, mχ˜03 > 99.9 GeV and
mχ˜04 > 116.0 GeV, respectively. On the other hand, experiments at LEP based on the analysis
of the Z width and decays give a lower mass limit for the lightest chargino χ˜±1 of approximately
45 GeV. For values of M2 < 1 TeV and |µ| ≤ 2 TeV with χ˜01 as the LSP, a better limit on the
chargino mass χ˜±1 > 94 GeV at 95 % CL is obtained [174].
In the slepton and sneutrino sector, an indirect limit on the mass of mν˜ > 94 GeV [174]
is derived by constraining the MSSM parameter space from the results for direct searches of
neutralinos and sleptons. This limit depends on the number of sneutrinos assumed to be de-
generate in mass and has been calculated only considering ν˜L, with values M2 < 1 TeV, |µ| ≤ 1
TeV, with χ˜01 as LSP and with no mixing in the third family. The limit on the mass for the
charged sleptons assuming all three flavours to be degenerate is given by ml˜ > 87.5 GeV. If no
degeneration among sleptons is assumed, the limits are me˜ > 73 GeV [176], mµ˜ > 94 GeV [174]
and mτ˜ > 81.9 GeV [174].
Chapter 2
LFV in leptonic τ , µ and Higgs
decays
In this chapter we perform a detailed study of LFV leptonic decays, namely, radiative decays
lj → li γ, Higgs decays H → lj l¯i and leptonic decays into three leptons of equal flavour lj → 3 li,
within constrained SUSY-seesaw scenarios. Degenerate and hierarchical spectrum are considered
for both heavy and light neutrinos. We systematically analyse the interesting relation between
the leptonic mixing angle θ13 and LFV in muon and tau decays and discuss the interplay with
the other relevant parameters. We require compatibility with low energy neutrino data, bounds
on both LFV decays and charged lepton electric dipole moments, and study the implications
from the requirement of successful baryogenesis via thermal leptogenesis. Particular emphasis
is given to the implications that a future θ13 measurement can have on our knowledge of the
heavy neutrino sector.
2.1 LFV radiative decays: lj → li γ
Among all LFV processes τ and µ radiative decays, more concretely µ → e γ and τ → µγ are
at present the best channels to search for lepton flavour violation, due to their stringent current
experimental bounds (see Table 2.1). In this section, analytical and numerical results, including
the prospect for future improvements for the LFV radiative channels and the comparison with
the present experimental bounds, are presented.
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LFV decays MEG BABAR Belle Belle & BABAR
BR(µ→ e γ) 1.2 × 10−11 [58] — — —
BR(τ → e γ) — 1.1× 10−7 [177] 1.2× 10−7 [66, 67] 9.4 × 10−8 [68]
BR(τ → µγ) — 6.8 × 10−8 [65] 4.5× 10−8 [178] 1.6 × 10−8 [68]
Table 2.1: Present upper bounds for LFV radiative decays
2.1.1 Analytical results for LFV radiative decays
In order to perform the computation of LFV lj → liγ decay rates, we start writing the relevant
amplitudes for these processes. First we present the off-shell amplitude for lj → liγ∗, that is
given by

















where q is the photon momentum and e is the positron electric charge. Here, AL,R1 and A
L,R
2
are the vector and the dipole form factors, respectively.
Within the SUSY-sesaw models considered in this thesis, the Feynman diagrams contributing
to Tγ amplitude are shown in Fig. B.1 of Appendix B. We can see clearly that the form factors
AL,Ri , (i = 1, 2) receive contributions from two types of diagrams, sneutrino-chargino loops and










a come from the contributions of neutralino and chargino loops, re-
spectively, whose corresponding expressions are given in Appendix B. Notice that we have not
neglected any of the fermion masses. If we neglect these masses in the previous formulas we
get the same result as in [49]. The expressions for the N and C couplings are given in the
Appendix A.
For the radiative decays lj → liγ, (i 6= j), in which we are interested now, a real (on-shell)
photon is emitted and only dipole form factors contribute. In this case, the branching ratios are
given by





(|AL2 |2 + |AR2 |2) , (2.3)
where Γlj is the total lj lepton width. These branching ratios were computed firstly in [48, 49]
in specific SUSY scenarios.
Finally, and regarding our estimation of the low-energy parameters, we consider the full
one-loop RGE running. Nevertheless, for the forthcoming discussion, it will be clarifying and
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interesting to compare the full results with the simplified estimation which is obtained within the
LLog approximation. In the latter framework, the RGE generated flavour mixing in the slepton
sector is summarised by the logarithmic contributions given in Eq. (1.84), which are originated
by the running from MX to the right handed mass scales mNi , i = 1, 2, 3. Concentrating
on µ → e γ decay, the dominant contribution stems from the RGE induced flavour mixing in
(∆m2
L˜
)21. Within the framework of the mass insertion (MI) and LLog approximations, one then
obtains a simple formula that at large tanβ and for equal SUSY mass scales is given by





















with (∆m2L)21 given in Eq. (1.84) in terms of the neutrino Yukawa couplings. A similar expression
can be obtained for τ → µγ within the LLog approximation and the MI approach [51, 179],

















And similarly for τ → e γ, that we do not write explicitely here for shortness.
In the following sections we present the numerical results for the branching ratios of the LFV
radiative decays arising in the CMSSM-seesaw scenario previously described. In particular, we
aim at investigating the dependence of the BRs on the most relevant SUSY-seesaw parameters,
and how the results would reflect the impact of a potential θ13 measurement. In some cases, we
further discuss how the requirement of a viable BAU would affect the allowed parameter range,
and in turn the BR predictions.
The input values used regarding the light neutrino masses and the UPMNS matrix elements are
given in Eq. (1.22) which are compatible with present experimental data (see, for instance, the
analysis of [115–117]). As previously mentioned, we do not address the impact of non-vanishing
UPMNS phases (Dirac or Majorana) in the LFV branching ratios. The effects of Majorana phases
on the BRs have been discussed in [180].
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Figure 2.1: Dependence of τ → µ γ decay on tanβ (left panel) for mN = 1014 GeV and on mN
(right panel) for tanβ = 50. The other input parameters are,M0 = 400 GeV, M1/2 = 300 GeV,
A0 = 0 and sign(µ) > 0.
2.1.2 Dependence on the most relevant SUSY-seesaw parameters
We present in this section, from Fig. 2.1 to Fig. 2.4, the dependence of all the branching ratios
of LFV radiative decays lj → li γ on the most relevant parameters, namely, mN in the case of
degenerate heavy neutrinos, mN3 in the hierarchical case, tan β and the θi angles. We work here
in the context of the CMSSM-seesaw scenario that has been introduced in Chapter 1.
Degenerate neutrinos
The results of the BR(τ → µγ) as a function of tanβ are illustrated in Fig. 2.1 (left panel).
In this plot we set mN = 10
14 GeV and assume the matrix R to be real. Notice that in the
degenerate case with real R these LFV ratios do not depend on the particular choice for R. This
can be easily understood because the dependence on R drops in the relevant factor, (Y ∗ν Y
T
ν )ij ,
appearing in the dominant δijLL slepton mixing, and due to the property R
TR = 1. From this
figure we also see that the predicted rates are well below the experimental upper bounds for all
tan β values, eventhough the total rates grow fast with tan β.
We next comment on the relevance of the choice for the mN values. In Fig. 2.1 we have also
illustrated the BR(τ → µγ) as a function of mN for degenerate heavy neutrinos and tan β = 50.
The explored range inmN is from 10
8 GeV up to 1014 GeV. The rates have a behaviour withmN
which corresponds approximately to BR(τ → µγ) ∝ |mN log(mN )|2. As before, these predicted
branching ratios are well bellow the experimental upper bound, even at the largest mN value of
1014 GeV.
For completeness, we also include the results of the other two LFV radiative decays, τ → e γ
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Figure 2.2: Dependence of BR(τ → e γ) (left panel) and BR(µ → e γ) (right panel) on tanβ
with degenerate heavy neutrinos and real R, for mN = 10
14 GeV. The other input parameters
are, M0 = 400 GeV, M1/2 = 300 GeV, A0 = 0 and sign(µ) > 0.
and µ→ e γ in Fig. 2.2, where the predictions are shown as a function of tan β. These behaviours
are very similar to those in BR(τ → µγ). We also find that the rates for these two decays are
well below their corresponding experimental bounds in the degenerate case, for all the explored
values of tanβ and mN .
In summary, in the case of degenerate heavy neutrinos and for real R, we get LFV radiative
decay rates which are still below their present experimental upper bounds.
Hierarchical neutrinos
We next present the results for hierarchical neutrinos which are much more promising. In this
case the choice for R is very relevant. The results for the general complex R case and for the
particular mass hierarchy (mN1 ,mN2 ,mN3) = (10
8, 2 × 108, 1014) GeV, are shown in Figs. 2.3
and 2.4. We will later explore other choices as well.
From these figures we first confirm that the LFV radiative decay rates are much larger in
the hierarchical case than in the degenerate one. This is true even for the case of real R, which
corresponds in our plots to the predictions at arg θ1 = arg θ2 = arg θ3 = 0. Furthermore, we get
severe restrictions on the maximum allowed decay rates coming from the experimental upper
bounds.
In Fig. 2.3 we show the predictions of BR(lj → liγ) as functions of |θ2|, for all the channels
and for the different values of arg θ2 = 0, π/10, π/8, π/6, π/4. In all these plots we set again
tan β = 50, M0 = 400 GeV, M1/2 = 300 GeV, A0 = 0, sign(µ) > 0 and (mN1 ,mN2 ,mN3) =
(108, 2 × 108, 1014) GeV. The upper lines correspond to arg θ2 = π/4 and the lower ones to
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Figure 2.3: Dependence of LVF τ and µ radiative decays on |θ2| with hierarchical heavy neu-
trinos and complex R, for arg θ2 = 0, π/10, π/8, π/6, π/4 in radians (lower to upper lines),
(mN1 ,mN2 ,mN3) = (10
8, 2 × 108, 1014) GeV, θ1 = θ3 = 0, tanβ = 50, M0 = 400 GeV,
M1/2 = 300 GeV, A0 = 0 and sign(µ) > 0. The horizontal lines are the upper experimental
bounds. At present these bounds have been improved as summarised in Table 2.1.
arg θ2 = 0. These lower lines are therefore the corresponding predictions for real R. It is clear
that all the branching ratios have a soft behaviour with |θ2| except for the case of real θ2 where
appears a narrow dip in each plot. In this Fig. 2.3 we see that all the rates obtained are below
their experimental upper bounds, except for the processes τ → µγ and µ → eγ, where the
predicted rates for complex θ2 with large |θ2| are clearly above the allowed region. The most
restrictive channel in this case is τ → µγ where compatibility with data occurs just for real θ2
and for complex θ2 but with |θ2| values near the region of the narrow dip.
Even more interesting are the predictions for BR(lj → li γ) as functions of |θ1|, due to the
large values of the relevant entries of the Yν coupling matrix, which are illustrated in Fig. 1.8.
Concretely, |Y 13ν | can be as large as ∼ 0.2 for |θ1| ∼ 2.5 and arg (θ1) = π/4, and |Y 23ν | and |Y 33ν |
are in the range 0.1 − 1 for all studied complex θ1 values. The results for BR(lj → li γ) as
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Figure 2.4: Dependence of LFV τ and µ radiative decays on |θ1| with hierarchical heavy neu-
trinos and complex R, for arg θ1 = 0, π/10, π/8, π/6, π/4 in radians (lower to upper lines),
(mN1 ,mN2 ,mN3) = (10
8, 2 × 108, 1014) GeV, θ2 = θ3 = 0, tanβ = 50, M0 = 250 GeV,
M1/2 = 150 GeV and A0 = 0. The horizontal lines are the upper experimental bounds. At
present these bounds have been improved as summarised in Table 2.1.
functions of |θ1|, for different values of arg (θ1), are illustrated in Fig. 2.4. Here θ2 and θ3 are
set to zero. The same set of CMSSM parameters and heavy neutrino masses as in Fig. 2.3 are
taken for comparison. We see clearly that the restrictions are more severe in this case than in
the previous one. In fact, all the rates cross the horizontal lines of the experimental bounds.
The most restrictive channel is now the µ → e γ decay. More specifically, we see that all the
points in the plot of BR(µ→ e γ), except for the particular values θ1 = 0 and real θ1 at the dip,
are excluded by the experimental upper bound. Notice that the qualitative behaviour of these
branching ratios with |θ1| in Fig. 2.4 and the locations of the dips can be explained from the
Yukawa coupling matrix behaviour in Fig. 1.8.
We have also explored the dependence with the complex θ3 angle, and it turns out that
the predictions for all rates are nearly constant with this angle. For instance, for tanβ = 50,
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M0 = 400 GeV, M1/2 = 300 GeV, A0 = 0 and sign(µ) > 0, we get BR(τ → µγ) = 9.1 × 10−8,
BR(τ → eγ) = 7.8 × 10−13 and BR(µ→ eγ) = 2.6 × 10−12. In this case only the prediction for
BR(τ → µγ) is in conflict with the experiment.
In summary, we obtain in the hierachical case much larger rates than in the degenerate one.
We have found that the most relevant parameter ismN in the case of degenerate heavy neutrinos
or, equivantly, mN3 in the hierarchical case. The SUSY parameter tan β also plays an important
role due to the fact that these rates grow as tan2 β.
2.1.3 Sensitivity to θ13
We continue our study with the R = 1 case which represents the situation where there are
no further neutrino mixings in the Yukawa couplings other than those induced by the UPMNS.
In this case it turns out that the BR(µ → e γ) shows a strong dependence on θ13. It was first
noticed in the context of SUSY GUTs [181] and later analysed in full detail by us [102, 109] in the
context of constrained SUSY-seesaw scenarios. We performed by the first time a comprehensive
study of all the leptonic decay channels lj → li γ and lj → 3 li (in a full RGE approach), and
concluded that both µ → e γ and µ → 3 e do exhibit a clear sensitivity to θ13 and present
promising prospects from the point of view of experimental detection. We first investigate here
the sensitivity to θ13 of the BR(lj → li γ) and later, in Section 2.3.3, we will discuss the case
of lj → 3 li. We also add some comments on the comparison between the full and the LLog
approximation results.
In Fig. 2.5 we plot the branching ratios of the decays µ→ e γ and τ → e γ as a function of
θ13, which we vary
1 in the range [0◦, 10◦]. We also display, for comparison, the lines associated
with the present experimental bounds and future sensitivities. In each case, we consider as
input the six SPS points, and take θi = 0, so that in this case no BAU is generated and there
is no flavour mixing arising from the right-handed neutrino sector. Regarding the neutrino
masses, we have assumed mν1 = 10
−5 eV, while the masses of the heavy right-handed are
set to mN = (10
10, 1011, 1014) GeV. In particular we have chosen mN1 to avoid the gravitino
problem in relation with non-thermal LSP production, as explained in Section 1.7.1. Notice
that our choice of mN3 leads to large values for the third family Yukawa couplings
2, specifically
(Yν)33 ≈ (Yν)32 ≈ 0.3.
The first conclusion to be inferred from Fig. 2.5 is that the sensitivity to θ13 is clearly
manifest in the µ → e γ and τ → e γ channels. Notice that for τ → e γ the BR predictions for
1The scan step is purposely finer for small values of θ13.
2Other approaches, for instance in GUT-inspired frameworks, allow to derive the values ofmN3 from unification
of the Yukawa couplings of the third family, and this may lead to even larger values of (Yν)33. For example, an
SO(10) GUT could lead to mN3 ≈ 10
15 GeV, as implied by (Yν)33 ≈ 1 (see, for example, [181]).





























































Figure 2.5: BR(µ→ e γ) and BR(τ → e γ) as a function of θ13 (in degrees), for SPS 1a (dots),
1b (crosses), 2 (asterisks), 3 (triangles), 4 (circles) and 5 (times). A dashed (dotted) horizontal
line denotes the present experimental bound (future sensitivity).
the explored θ13 values lie below the present and future experimental sensitivities
3, whereas for
µ→ e γ the BRs are clearly above the experimental bound for various of the explored cases.
The observed qualitative behaviour with respect to θ13 can be easily understood from
Eq. (1.85), which predicts that the dominant contribution proportional to (L33mN3 mν3)
2 should
grow as (c13 s13)
2. For small values of θ13 , the “dip” exhibited by the BRs is a consequence of a
shift in θ13 arising from RGE running, changing it from θ13 ≡ θ13(mZ) to θ13(mM ). Renormal-
isation induces, in our example, that θ13(mM ) ≈ θ13(mZ) − 0.2◦, so that the minimum of the
BR is shifted from θ13 = 0
◦ to θ13 ≈ 0.2◦ (which is consistent with analytical estimates [183]).
More explicitly, even when starting with a value θ13 = 0
◦ at the EW scale, RGE running leads
to the appearance of a negative value for θ13(mM ) (or, equivalently, a non-zero positive θ13 and
δ = π).
Concerning the τ → µγ channel, the corresponding branching ratios do not exhibit any
noticeable dependence on θ13, as expected from the analytical expressions of the LLog approx-
imation. For the case R = 1, and taking for example θ13 = 5
◦, these BRs are presented in
Table 2.2.
The conclusion to be inferred from Figs. 2.5 and Table 2.2 is that, for the assumed value of
mν1, and for the chosen seesaw scenario (which is specified by θi and mNi), the experimental
bounds for BR(τ → µγ) already disfavour the CMSSM scenario of SPS 4 (for any value of θ13).
3On the other hand, we remark that compared to θ13, the uncertainties in the other neutrino oscillation




12, are expected to have only a smaller effect on the LFV ratios (see e.g. [182])
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BR SPS 1a SPS 1b SPS 2 SPS 3 SPS 4 SPS 5
τ → µγ 4.2× 10−9 7.9× 10−9 1.8× 10−10 2.6 × 10−10 9.7× 10−8 1.9× 10−11
Table 2.2: Predictions for the BR(τ → µ γ) corresponding to the SPS points. The values of
mNi and mν1 are as specified in Fig. 2.5. In each case, the predicted values should be compared
with the present bound (future prospect) BR(τ → µ γ) < 1.6× 10−8 (10−8).
From the comparative analysis of the θ13-sensitive channels it is also manifest that µ → e γ is
the unique LFV radiative decay whose BRs are within the reach of present experiments, thus
potentially allowing to constrain the values of θ13. In fact, BR(µ → e γ) suggests that SPS 4,
1(a and b), 3, 2 and 5 are disfavoured for values of θ13 larger than approximately 0.5
◦, 1◦, 4◦,
5◦ and 6◦, respectively. Nevertheless, it is crucial to notice that, as can be seen from Eqs. (1.85)
and (2.4), the value of mN3 plays a very relevant role. For instance, by lowering mN3 from 10
14
GeV to 1013 GeV one could have compatibility with the experimental bound on BR(µ → e γ)
for θ13 . 2
◦ for all SPS scenarios. Moreover, in this case, even SPS 4 would be in agreement
with the experimental bound on BR(τ → µγ).
The comparative size of the predicted BRs for each of the SPS points can be easily understood
from the BRs dependence on the SUSY spectrum4 and tanβ, which is approximately given by
Eq. (2.4). However, it is worth emphasising that although the several approximations leading
to Eq. (2.4) do provide a qualitative understanding of the LFV rates, they are not sufficiently
accurate, and do fail in some regions of the CMSSM parameter space. In particular, for the
SPS 5 scenario, we have verified that the LLog predictions for the BRs arising from Eq. (1.84)
differ from our results by several orders of magnitude. We will return to this discussion at a
later stage.
As already mentioned, in the context of SUSY GUTs, the dependence of the BR(µ→ e γ) on
θ13 for the same set of SPS points was presented in [181]. Instead of the full computations, the
analysis was done using the LLog approximation, and the amount of slepton flavour violation
was parameterised by means of mass insertions. In general, and even though a different seesaw
scenario was considered, the results are in fair agreement with Fig. 2.5, the only exception
occurring for SPS 5. In fact, while [181] predicts the largest BR(µ → e γ) for the SPS 5 case,
our results of Fig. 2.5 show that the rates for this point are indeed the smallest ones. As already
mentioned, this is due to the failure of the LLog for SPS 5.
Henceforth, and in view of the fact that not only is the decay µ → e γ one of the most
sensitive to θ13, but it is also the most promising regarding experimental detection, we will
mainly focus our discussion on the analysis of BR(µ→ e γ).
4For each SPS point, the associated spectrum can be found, for example, in [140].
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2.1.4 Implications of a favourable BAU scenario on the sensitivity to θ13
Motivated by the generation of a sufficient amount of CP asymmetry in the decay of the right-
handed heavy neutrinos, one has to depart from the R = 1 case, and this will naturally affect
the predictions for the several BRs. Nevertheless, it is worth stressing that the hierarchy of
the SPS points regarding the relative predictions to the distinct LFV observables is not altered,
and we also observe the same ordering as that emerging from Figs. 2.5 and Table 2.2, namely
BR4 > BR1b & BR1a > BR3 & BR2 > BR5.
As discussed in Section 1.7.1, the R-matrix complex parameters θ2 and θ3 are instrumental
in obtaining a value for the baryon asymmetry in agreement with experimental observation,
while θ1 plays a comparatively less relevant role. In what follows, we discuss how requiring a
favourable BAU scenario would constrain the θi ranges, and how this would reflect on the BRs’
sensitivity to θ13.
Influence of θ2
In view of the above, we begin by comparing the predictions of BR(µ → e γ) in the BAU con-
strained θ2 range for two particular values of θ13, θ13 = 0
◦ , 5◦. We choose SPS 1a, and motivated
from the discussion regarding Fig. 1.16, take 0 . |θ2| . π/4, with arg θ2 = {π/8 , π/4 , 3π/8}.
In Fig. 2.6, we display the numerical results, considering mν1 = 10
−5 eV and mν1 =
10−3 eV, while for the heavy neutrino masses we take mN = (10
10, 1011, 1014) GeV.
There are several important conclusions to be drawn from Fig. 2.6. Let us first discuss the
case mν1 = 10
−5 eV. As previously mentioned, one can obtain a baryon asymmetry in the range
10−10 to 10−9 for a considerable region of the analysed |θ2| range. In particular, a deviation
from the R = 1 case as small as, for instance, θ2 = 0.05 e
pi/8 i can account for an amount of
BAU close to the WMAP value. A wide region with larger values of |θ2| (0.3 . |θ2| . 0.8) can
also accommodate a viable baryon asymmetry, as can be seen from Fig. 2.6. Notice also that
there is a clear separation between the predictions of θ13 = 0
◦ and θ13 = 5
◦, with the latter well
above the present experimental bound. At present, this would imply an experimental impact of
θ13, in the sense that the BR predictions become potentially detectable for this non-vanishing
θ13 value. With the planned MEG sensitivity [184], both cases would be within experimental
reach. However, this statement is strongly dependent on the assumed parameters, in particular
mν1. For instance, a larger value of mν1 = 10
−3 eV, illustrated on the right panel of Fig. 2.6,
leads to a very distinct situation regarding the sensitivity to θ13. While for smaller values of
|θ2| the branching ratio displays a clear sensitivity to having θ13 equal or different from zero
(a separation larger than two orders of magnitude for |θ2| . 0.05), the effect of θ13 is diluted
for increasing values of |θ2|. For |θ2| & 0.3 the BR(µ → e γ) associated with θ13 = 5◦ can
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Figure 2.6: BR(µ → e γ) as a function of |θ2|, for arg θ2 = {π/8 , π/4 , 3π/8} (dots, times,
diamonds, respectively) and θ13 = 0
◦, 5◦ (blue/darker, green/lighter lines). We take mν1 =
10−5 (10−3) eV, on the left (right) panel. In all cases black dots represent points associated
with a disfavoured BAU scenario and a dashed (dotted) horizontal line denotes the present
experimental bound (future sensitivity).
be even smaller than for θ13 = 0
◦. This implies that in this case, a potential measurement of
BR(µ→ e γ) would not be sensitive to θ13.
Moreover, mν1 also affects the BAU-favoured regions. In general, larger values of mν1 (still
smaller than 10−3 eV) widen the range of |θ2| for which a viable BAU can be obtained. This
can be understood from the fact that for very small (or zero) θ2 and θ3 (and with fixed mN1),
mν1 controls the size of the Yukawa couplings to the lightest right-handed neutrino, N1. On
the other side, these are the Yukawa couplings governing the washout parameter m˜1 for thermal
leptogenesis, as introduced in Eq. (1.97). For very small θ2 and θ3, an optimal value m˜1 ≈ 10−3
eV can be reached for mν1 ≈ 10−3 eV (c.f. Eq. (1.99)), whereas smaller mν1 lead to suppressed
leptogenesis in this case. For larger values of θ2 and/or θ3, which can be still consistent with
leptogenesis, mν1 becomes less important, since the other light neutrino masses mν2 and/or mν3
contribute to m˜1 as well. In most of the following analysis, we will usemν1 ≈ 10−3 eV and enable
a successful thermal leptogenesis by introducing a small R-matrix rotation angle θ2. In what
concerns the sensitivity to θ13 via LFV, this is clearly a conservative choice since, as previously
mentioned, lower values of mν1 (e.g. mν1 = 10
−5 eV) would lead to a more favourable situation.
Whether or not a BAU-compatible SPS 1a scenario would be disfavoured by current experi-
mental data on BR(µ→ e γ) requires a careful weighting of several aspects. Even though Fig. 2.6
suggests that for this particular choice of parameters only very small values of θ2 and θ13 would
be in agreement with current experimental data, a distinct choice of mN3 (e.g. mN3 = 10
13 GeV)
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Figure 2.7: BR(µ → e γ) as a function of |θ2|, for SPS 1a, with arg θ2 = 0.2. θ13 = 0◦ , 5◦
(blue/darker, green/lighter lines, respectively), andmN1 = 5 × 109 GeV, 5 × 1010 GeV (crosses,
circles, respectively). Dots represent points associated with a disfavoured BAU scenario for
either mN1 = 5 × 109 or 5 × 1010 GeV and a dashed (dotted) horizontal line denotes the
present experimental bound (future sensitivity).
would lead to a rescaling of the estimated BRs by a factor of approximately 10−2. Although
we do not display the associated plots here, in the latter case nearly the entire |θ2| range would
be in agreement with experimental data (in fact the points which are below the present MEGA
bound on Fig. 2.6 would then lie below the projected MEG sensitivity).
Regarding the other SPS points, which are not shown here, we find BRs for SPS 1b compa-
rable to those of SPS 1a. Smaller ratios are associated with SPS 2, 3 and 5, while larger (more
than one order of magnitude) BRs occur for SPS 4.
Let us now consider how the value of mN1 affects the amount of BAU, and thus indirectly
the branching ratio associated to a given choice of θ2 that accounts for a viable BAU scenario.
In Fig. 2.7 we present the BR(µ → e γ) as a function of |θ2| for two distinct heavy neutrino
spectra: mN = (5× 109, 1011, 1014) GeV andmN = (5× 1010, 1011, 1014) GeV (values formN1
respectively smaller and larger than what was previously considered). Regarding arg θ2, we have
chosen an example which represents a minimal deviation from the real case, arg θ2 = 0.2, and
set θ1 = θ3 = 0. We consider SPS 1a, and again show both cases associated with θ13 = 0
◦ , 5◦.
From this figure, it can be seen that in the case mN1 = 5 × 109 GeV, only one BAU-favoured
window is opened, for small values of θ2 (0 < θ2 . π/4). In contrast, for mN1 = 5 × 1010 GeV,
a second window opens, corresponding to the mod π periodicity evidenced in Fig. 1.16 (also
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some additional points at very small |θ2| are allowed). The width of the |θ2| interval for this
second window shrinks with decreasing mN1. In particular, for mN1 = 10
10 GeV (not displayed)
this interval becomes extremely small. The latter effect can be understood from the interplay of
θ2 and mN1 on the relevant BAU parameters of Eq. (1.99). While m˜1 is unchanged and as long
as mN1 . TRH, the produced baryon asymmetry increases with mN1 . For a given value of mN1 ,
the disappearance of the second window associated with larger values of |θ2| (π . |θ2| . 3π/2),
is due to a stronger washout, which leads to values of nB/nγ below the viable BAU range of
Eq. (1.101).
Finally, let us notice that the BAU-favoured ranges of θ2 imply very distinct predictions for
both the BRs, and the associated θ13 sensitivity. Even though the BRs arising from the second
θ2 window are significantly larger, in this case the sensitivity to θ13 is considerably reduced, as
is clearly manifest in Fig. 2.7. All the previous facts taken into account, we will often rely on
the choice mN1 = 10
10 GeV and θ2 = 0.05 e
0.2 i as a means of ensuring a viable BAU scenario
via a minimal deviation from the R = 1 case.
Influence of θ1
It has become clear from the previous analysis that a departure from the R = 1 case via non-
vanishing values of θ2 can significantly affect the BR sensitivity to θ13. Here we will show that
θ1 plays an equally important role on the present discussion. In Figs. 2.8 and 2.9 we display the
BR(µ→ e γ) as a function of |θ1|, for different values of its argument.
The effect of departing from the case R = 1 by varying θ1 leads to important additional
contributions to the considered LFV decays. Here, we have only presented the case mN3 = 10
13
GeV, since for mN3 = 10
14 GeV the experimental exclusion line is already crossed for very small
values of θ1 (|θ1| ≈ 0.1). Opposed to the θ2 case, and as expected from the analytical estimates,
there is little dependence of the BR on the choice of the lightest neutrino mass5. Considering
the other SPS scenarios leads to analogous results, the only difference lying in a global rescaling
of the BR(µ→ e γ), and the discussion is similar to that regarding θ2.
In the case of negative arguments, the influence of θ1 is shown in Fig. 2.8. Notice that in
all cases, for extremely small values of |θ1| (|θ1| . 0.1), we again recover for θ13 = 5◦ BRs
which are larger, and clearly distinguishable from the θ13 = 0
◦ case. In contrast, for a large
(negative) arg θ1, the situation is reversed, and the predictions for BR(µ → e γ) associated to
θ13 = 5
◦ are actually smaller than for θ13 = 0
◦. This becomes manifest when arg θ1 . −π/2,
a regime for which the BR starts decreasing with increasing |θ1|. For real (and negative) θ1,
5This dependence is only manifest for θ13 ≈ 0
◦ and appears in terms proportional to mN2 , so that it is
considerably suppressed. On the other hand, and as it occurred for θ2, larger values of mν1 widen the range of θ1
for which a viable BAU scenario can be obtained.
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Figure 2.8: BR(µ → e γ) as a function of |θ1|, for arg θ1 = {0 , −π/4 ,−π} (dots, times,
diamonds, respectively) and θ13 = 0
◦ , 5◦ (blue/darker, green/lighter lines). BAU is enabled by
the choice θ2 = 0.05 e
0.2 i (θ3 = 0). In all cases black dots represent points associated with a
disfavoured BAU scenario and a dashed(dotted) horizontal line denotes the present experimental
bound (future sensitivity).
(i.e. arg θ1 = −π) the effect is such that for θ13 = 5◦ two local minima of the BR are present
(although one disfavoured by BAU), both with an associated value of the BR below the planned
MEG sensitivity (for this specific choice of SPS point and seesaw parameters). These “dips”
reflect a cancellation between the terms proportional to mν2 and mν3 (see Eq. (1.85)), which
in fact is also present for θ13 ≈ 0◦, albeit only for the second, BAU-disfavoured, |θ1| value. It
is worth pointing out that this apparent accidental cancellation for a specific choice of the R-
matrix parameters could correspond to the occurrence of texture zeros in the neutrino Yukawa
couplings. Although not stable under RGE effects, these zeros effectively translate into very
small entries in the Yukawa couplings, which can account for the observed suppression of the
BR [102] corresponding to the “dips” in Fig. 2.8. We would like to remark that, generically, the
position and depth of these “dips” depend on the chosen values of all the seesaw parameters.
In Fig. 2.9 we present a few examples of arg θ1 > 0. In this case, the discussion of the BRs
and sensitivity to θ13 is very similar to that conducted for small negative arguments. That is,
for small |θ1| values, the predictions for the two θ13 cases are clearly distinguishable. On the
other hand, and irrespective of the argument (positive or negative), for sufficiently large |θ1|,
the lines corresponding to the cases θ13 = 0
◦ and 5◦ eventually meet, and thus for this choice of
parameters the sensitivity of the BR to θ13 is lost.
Another relevant aspect to be inferred from Figs. 2.8 and 2.9 is how θ1 affects the BAU
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Figure 2.9: BR(µ → e γ) as a function of |θ1|, for arg θ1 = {π/8 , π/4 , π/2} (dots, times,
diamonds, respectively) and θ13 = 0
◦ , 5◦ (blue/darker, green/lighter lines). BAU is enabled by
the choice θ2 = 0.05 e
0.2 i (θ3 = 0). In all cases black dots represent points associated with a
disfavoured BAU scenario and a dashed(dotted) horizontal line denotes the present experimental
bound (future sensitivity).
predictions enabled by θ2. Unlike what occurs for θ2 and θ3, the role of θ1 in accounting for the
observed BAU is somewhat more indirect. In particular, and as mentioned in Section 1.7.1, θ1
essentially deforms the favoured BAU areas in the θ2−θ3 plane. For instance, and for the chosen
BAU-enabling θ2 value in Fig. 2.8, a real value of θ1 larger than 0.9 leads to an estimated nB/nγ
which is no longer within the viable BAU range of Eq. (1.101). A distinct situation occurs for
the cases arg θ1 = −π/4 and π/2, where the entire |θ1| range successfully accounts for nB/nγ
within [10−10, 10−9].
To conclude this subsection, let us add two further comments. Regarding the influence of
θ3 it suffices to mention that although relevant with respect to BAU (see Fig. 1.17), we have
not found a significant BR(µ→ e γ) dependence on the latter parameter. This is a consequence
of having the Yukawa couplings to the heaviest right-handed neutrino dominating, since a θ3
R-matrix rotation leaves unchanged the couplings (Yν)i3. In this case, the sensitivity to θ13 is
very similar to what was found for the R = 1 case. In the remaining analysis we will fix θ3 = 0.
Dependence on the most relevant parameters: mN3 and tan β
Throughout the discussion regarding the dependence of the branching ratios on the R-matrix
complex angles, it has often been stressed that the leading contributions to the BRs were those
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Figure 2.10: BR(µ → e γ) as a function of mN3 for SPS 1a, with mν1 = 10−5 eV and mν1 =
10−3 eV (times, dots, respectively), and θ13 = 0
◦, 5◦ (blue/darker, green/lighter lines). BAU is
enabled by the choice θ2 = 0.05 e
0.2 i (θ1 = θ3 = 0). On the upper horizontal axis we display the
associated value of (Yν)33. A dashed (dotted) horizontal line denotes the present experimental
bound (future sensitivity).
proportional to the mass of the heaviest right-handed neutrino, mN3 . This is indeed the most
relevant parameter. Here, and to briefly summarise the effect of mN3 , let us present the predic-
tions for BR(µ → e γ) as a function of the latter mass, while keeping mN1 and mN2 fixed. We
have checked that the BRs do not significantly depend on mN1 and mN2 , apart from one excep-
tion for mN2 , which we will later comment. The results for SPS 1a are displayed in Fig. 2.10.
For completeness, we have included in the upper horizontal axis the associated value of (Yν)33
(with similar values being obtained for (Yν)32).
We find from Fig. 2.10 that the full RGE result grows with mN3 in a very similar fashion
to that predicted by the LLog approximation, i.e. m2N3 log
2mN3 . It is clear that without a
predictive theoretical framework for mN3 (e.g. GUT models) or indirect experimental evidence
for the scale of the seesaw mechanism, there is a large uncertainty regarding the value of mN3 .
Within our chosen scenario of hierarchical heavy neutrinos with mN1 ≪ mN2 ≪ mN3, assuming
that the observed BAU is generated via a mechanism of thermal leptogenesis (with mN1 & 10
9
GeV), and given the gauge coupling unification scale6 (MX ≈ 2× 1016 GeV), the natural choice
for mN3 would lie in the range [10
10 GeV, 1015 GeV]. It is obvious from Fig. 2.10 that such an
uncertainty inmN3 translates into predictions for the BR ranging over many orders of magnitude.
6The possibility of larger LFV effects arising from the existence of a higher energy scale, e.g. MPlanck, has
been addressed by other authors. See, for instance [185].
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Hence, one can at most extract an upper bound on mN3 for the chosen set of input parameters.
For instance, in Fig. 2.10, mN3 & 10
13 (1014) GeV is not allowed by the present experimental
bounds on the BR(µ → e γ) for θ13 = 5◦ (0◦). Notice that, although the sensitivity to θ13 is
clearly displayed in Fig. 2.10 (with more than two orders of magnitude separation of the θ13 = 0
◦
and 5◦ lines), without additional knowledge of mN3 it will be very difficult to disentangle the
several θ13 cases. However, this argument can be reversed. This strong dependence on mN3
could indeed be used to derive hints on mN3 from a potential BR measurement. We will return
to this type of considerations in the following section.
It is also worth commenting on the local minima appearing in Fig. 2.10 for the lines associated
with θ13 = 0
◦. As mentioned before, these “dips” are induced by the effect of the running of
θ13, shifting it from zero to a negative value. In the LLog approximation, the “dips” can be
understood from Eq. (1.85) as a cancellation between the terms proportional to mN3 L33 and
mN2 L22 in the limit θ13(mM ) → 0− (with θ1 = θ3 = 0). The depth of the minimum is larger
for smaller mν1, as visible in Fig. 2.10. We have also checked that an analogous effect takes
place when one investigates the dependence of BR(µ → e γ) on mN2 . It is only in this limit
θ13(mM )→ 0−, and in the vicinity of the “dip”, that mN2 can visibly affect the BRs.
Regarding the other SPS points, with the exception of SPS 3 and 5, the results from the full
RGE computation (not displayed here) are also in good agreement with the LLog approximation.
The predicted BRs for SPS 3 are found to be larger than those of the LLog by a factor of
approximately 3. This divergence is due to the fact that in the LLog approximation the effects
of M1/2 in the running of the soft-breaking parameters of Eq. (1.84) are not taken into account.
Therefore, for low M0 and large M1/2 (as is the case of SPS 3), there is a significant difference
between the results of the full and approximate computations, as previously noted by [186, 187].
Moreover, this difference becomes more evident for low values of tan β.
The divergence of the two computations is more dramatic for SPS 5. This is shown in
Fig. 2.11, where we compare the dependence of the BR(µ → e γ) and BR(τ → µγ) on mN3 ,
as given from the full computation, and in the LLog approximation. The latter approximation
over-estimates by more than four orders of magnitude the values of the BR(µ → e γ). The full
RGE and LLog results diverge even more regarding the BR(τ → µγ), with a separation that
can be as large as five orders of magnitude. It is also manifest from Fig. 2.11 that the qualitative
behaviour of the full results with respect to mN3 is no longer given bym
2
N3
log2mN3 . The reason
for this divergence is associated to the large negative value of the trilinear coupling7, A0. We
considered other large negative values of A0, in all cases leading to the same conclusion. Taking
large positive A0 also leads to an important, albeit not as large, separation (for instance, three
orders of magnitude for A0 = 1000 GeV).
7The effect of the sign of A0 in the failure of the LLog approximation has already been discussed in [186].
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Figure 2.11: Prediction for BR(µ → e γ) and BR(τ → µ γ) as a function of mN3 for SPS 5,
using the LLog approximation (upper blue lines) and full RGE (lower red lines). θ13 = 0
◦, 5◦
(dots, diamonds, respectively). BAU is enabled by the choice θ2 = 0.05 e
0.2 i (θ1 = θ3 = 0). A
dashed (dotted) horizontal line denotes the present experimental bound (future sensitivity).
Finally, we briefly comment on the BR dependence on tanβ for the hierarchical neutrino
case. As we have already said, the BRs approximately grow as tan2 β, and therefore this is also
a relevant parameter. In Fig. 2.12, we plot a generalisation of the SPS points 1a and 4 (defined
by M0, M1/2, A0 and signµ) with free tanβ, and present the sensitivity of the branching ratios
to distinct values of θ13. Again, as can be seen in Fig. 2.12, the sensitivity to θ13 is clearly
manifest, in the sense that for a given tanβ the predictions for the BRs are very distinct for
different θ13 values. However, the tan β dependence is so important that two tan β values, for
instance 10 and 20, lead to predictions of the BR that diverge as much as those one obtains
from the comparison of θ13 = 3
◦ and 5◦ (for a fixed value of tan β). This implies that unless the
experimental range for tanβ is far more constrained than at present, we cannot conclude about
the allowed/disallowed θ13 values from the present µ→ e γ bounds. Just like as argued for mN3 ,
the strong BR dependence on tanβ can be constructively used to further constrain tanβ from
a potential BR(µ→ e γ) measurement. We will address this topic in the following section.
2.1.5 Experimental prospects: hints on SUSY and Seesaw parameters from
measuring θ13 and BRs
In the previous section, we analysed how the several free parameters of the SUSY-seesaw scenario
affect the predictions for the BR(lj → li γ). We also emphasised how the sensitivity of the latter
ratios to θ13 can be altered by the uncertainty introduced from the indetermination of θi, tan β
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Figure 2.12: BR(µ → e γ) as a function of tanβ, for mN = (1010, 1011, 1013) GeV, for SPS
1a (left) and SPS 4 (right). θ13 = 0
◦, 1◦, 3◦, 5◦, and 10◦ (crosses, times, asterisks, diamonds
and dots, respectively). BAU is enabled by the choice θ2 = 0.05 e
0.2 i (θ1 = θ3 = 0). A dashed
(dotted) horizontal line denotes the experimental bound (future sensitivity). Vertical shaded
regions correspond to regions with spectra excluded by LEP data.
and, most of all, mN3 . The question we aim to address in this section is whether a joint
measurement of the BRs and θ13 can shed some light on apparently unreachable parameters,
like mN3 .
The expected improvement in the experimental sensitivity to the LFV ratios (see Table 2.1)
support the possibility that a BR be measured in the future, thus providing the first experimental
evidence for new physics, even before its discovery at the LHC. The prospects are especially
encouraging regarding µ → e γ, where the sensitivity will improve by at least two orders of
magnitude. Moreover, and given the impressive effort on experimental neutrino physics, a
measurement of θ13 will likely also occur in the future [90–99]. In what follows, let us envisage
a future “toy”-like scenario, where we will assume the following hypothesis: (i) measurement
of BR(µ → e γ); (ii) measurement of θ13; (iii) discovery of SUSY at the LHC, with a given
spectrum. Furthermore, we assume that BAU is explained via thermal leptogenesis, with a
hierarchical heavy-neutrino spectrum.
Under the above conditions, let us conduct the following exercise. First, choosing SPS 1a,
mN1 = 10
10 GeV, mN2 = 10
11 GeV, mν1 = 10
−3 eV, θ2 = 0.05 e
0.2 i (a minimal BAU-enabling
deviation from the R = 1 case), and with θ13 set to 1
◦ (±0.1◦) and to 5◦ (±0.5◦), we predict
the BRs as a function of tanβ and mN3. We then plot the contour lines for constant BR values
in the mN3 − tan β plane. In Fig. 2.13 we display the corresponding contours for the central
values of 1.2 × 10−n with n = 10, . . . , 15, allowing for a 10% spread-out around these values.
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Figure 2.13: Contours of BR(µ→ e γ)= (1.2±0.1)×10−n, with n = 10, . . . , 15 in themN3−tanβ
plane, for a generalised SPS 1a scenario. We assume θ13 = 1
◦±0.1◦ (5◦±0.5◦) on the left (right)
panel. BAU is enabled by the choice θ2 = 0.05 e
0.2 i (θ1 = θ3 = 0). The current experimental
bound is associated with the darkest (blue) surface, while the future sensitivity is represented
by the lightest (cyan) one.
The predicted contours should be compared with the present bound and future sensitivity of
1.2× 10−11 [58] and 1.3 × 10−13 [184], respectively.
Given a potential SUSY discovery, the implications of a measurement of BR(µ → e γ) and
θ13 are clearly manifest in Fig. 2.13. From this figure we first learn that, even in the absence
of an experimental determination of tan β, a potential measurement of BR(µ → e γ) and θ13
will allow to constrain mN3. For example, an hypothetical measurement of BR(µ → e γ)≈
1.2(±0.1) × 10−12 would point towards the following allowed ranges of mN3:
θ13 ≈ 1◦ ⇒ 2 × 1013 GeV . mN3 . 2 × 1014 GeV ,
θ13 ≈ 5◦ ⇒ 1.5 × 1012 GeV . mN3 . 1013 GeV . (2.7)
Other assumptions for the BRs would equally lead to an order of magnitude interval for the
constrained values of mN3. If in addition to the s-spectrum, we assume that tanβ is experimen-
tally determined, then the intervals for mN3 presented in Eq. (2.7) can be significantly reduced.
For instance, assuming that SPS 1a is indeed reconstructed (that is, tan β = 10), then we would
find
θ13 ≈ 1◦ ⇒ 4 × 1013 GeV . mN3 . 7 × 1013 GeV ,
θ13 ≈ 5◦ ⇒ 3 × 1012 GeV . mN3 . 5 × 1012 GeV . (2.8)
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Figure 2.14: Contours of BR(µ→ e γ)= (1.2±0.1)×10−n, with n = 10, . . . , 15 in themN3−tanβ
plane for a generalised SPS 2 (left) and SPS 4 (right) scenarios. We assume θ13 = 5
◦ ± 0.5◦.
BAU is enabled by the choice θ2 = 0.05 e
0.2 i (θ1 = θ3 = 0).
The hypothetical reconstruction of any other SPS-like scenario would lead to similar one
order of magnitude intervals for mN3 but with distinct mN3 central values. As expected, for
the same BR and θ13 measurements, SPS 2, 3 and 5 lead to larger values of mN3, the contrary
occurring for SPS 1b and 4. This can be seen in Fig. 2.14, where we present an analogous study
to that of Fig. 2.13, but focusing on SPS 2 and SPS 4, and only considering θ13 = 5
◦ ± 0.5.
Concerning the comparison with current experimental bounds, one can also draw some con-
clusions regarding the excluded regions of the mN3-tan β plane. From both Figs. 2.13 and 2.14,
for θ13 = 5
◦, and for the chosen set of input parameters, we infer that in all cases the upper-right
regions of the mN3-tan β plane are clearly disfavoured. For instance, for SPS 1a, mN3 & 10
14
GeV would be excluded for any value of tan β. In the case of SPS 2, the exclusion region would
be delimited by tan β & 10 and mN3 & 10
14 GeV. The most pronounced exclusion region is for
SPS 4, and is given by tan β & 20, mN3 & 10
13 GeV. With the expected future sensitivity, these
exclusion regions will be significantly enlarged.
A potential caveat to the previous discussion is the fact that, as seen in Section 2.1.4, there
is a very important dependence of the BRs on the R-matrix parameters θi. Not only will this
have implications on how accurate the indirect estimates of mN3 are, but will also affect any
judgement regarding the experimental viability of a SUSY-seesaw scenario. We recall that, as
shown in Section 2.1.4, other choices of θ2 (and θ1) can lead to substantially smaller or larger
BRs, therefore modifying the exclusion regions of Figs. 2.13 and 2.14.
To take into account the strong R-matrix dependence, let us conduct in what follows a
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more comprehensive survey of the parameter space. For SPS 1a, and for distinct choices of the
heaviest neutrino mass, we scan over the BAU-enabling R-matrix angles (setting θ3 to zero) as
0 . |θ1| . π/4 , −π/4 . arg θ1 . π/4 ,
0 . |θ2| . π/4 , 0 . arg θ2 . π/4 ,
mN3 = 10
12 , 1013 , 1014GeV . (2.9)
Given that, as previously emphasised, µ → e γ is very sensitive to θ13, whereas this is not the
case for BR(τ → µγ), and that both BRs display the same approximate behaviour withmN3 and
tan β, we now propose to study the correlation between these two observables. This optimises
the impact of a θ13 measurement, since it allows to minimise the uncertainty introduced from
not knowing tanβ and mN3 , and at the same time offers a better illustration of the uncertainty
associated with the R-matrix angles. In this case, the correlation of the BRs with respect to
mN3 means that, for a fixed set of parameters, varying mN3 implies that the predicted point
(BR(τ → µγ), BR(µ → e γ)) moves along a line with approximately constant slope in the
BR(τ → µγ)-BR(µ → e γ) plane. On the other hand, varying θ13 leads to a displacement of
the point along the vertical axis. In Fig. 2.158, we illustrate this correlation for SPS 1a, and for
the previously selected mN3 and θ1,2 ranges (c.f. Eq. (2.9)). We consider the following values,
θ13 = 1
◦, 3◦, 5◦ and 10◦, and only include the BR predictions allowing for a favourable BAU.
In addition, and as done throughout our analysis, we have verified that all the points in this
figure lead to charged lepton EDM predictions which are compatible with present experimental
bounds. More specifically, we have obtained values for the EDMs lying in the following ranges
(in units of e.cm):
10−39 . |de| . 2×10−35 , 6×10−37 . |dµ| . 1.5×10−32 , 10−34 . |dτ | . 4× 10−31 . (2.10)
For a fixed value of mN3, and for a given value of θ13, the dispersion arising from a θ1 and
θ2 variation produces a small area rather than a point in the BR(τ → µγ)-BR(µ→ e γ) plane.
The dispersion along the BR(τ → µγ) axis is of approximately one order of magnitude for all
θ13. In contrast, the dispersion along the BR(µ → e γ) axis increases with decreasing θ13 (in
agreement with the findings of Section 2.1.3), ranging from an order of magnitude for θ13 = 10
◦,
to over three orders of magnitude for the case of small θ13 (1
◦). From Fig. 2.15 we can also infer
that other choices of mN3 (for θ13 ∈ [1◦, 10◦]) would lead to BR predictions which would roughly
lie within the diagonal lines depicted in the plot. Comparing these predictions for the shaded
areas along the expected diagonal “corridor”, with the allowed experimental region, allows to
conclude about the impact of a θ13 measurement on the allowed/excluded mN3 values.
8At the moment this plot was done the experimental upper bound for τ → µγ was 6.8 × 10−8 [65], slightly
different to the current bound 1.6× 10−8 [68]
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Figure 2.15: Correlation between BR(µ → e γ) and BR(τ → µ γ) as a function of mN3 , for
SPS 1a. The areas displayed represent the scan over θi as given in Eq. (2.9). From bottom to
top, the coloured regions correspond to θ13 = 1
◦, 3◦, 5◦ and 10◦ (red, green, blue and pink,
respectively). Horizontal and vertical dashed (dotted) lines denote the experimental bounds
(future sensitivities).
The most important conclusion from Fig. 2.15 is that for SPS 1a, and for the parameter space
defined in Eq. (2.9), an hypothetical θ13 measurement larger than 1
◦, together with the present
experimental bound on the BR(µ→ e γ), will have the impact of excluding values of mN3 & 1014
GeV. This lends support to the hints already drawn from Fig. 2.13. Moreover, with the planned
MEG sensitivity, the same θ13 measurement can further constrain mN3 . 3 × 1012 GeV. The
impact of any other θ13 measurement can be analogously extracted from Fig. 2.15.
Similar conclusions can be reached for the other SPS points, as seen in Fig. 2.16, where we
only display the predictions corresponding to the point marked with a cross in the centre of the
θ13 = 10
◦ shaded area of Fig. 2.15 (taking into account all θ13 values would lead to replications
of the shaded areas observed in Fig. 2.15). Regarding SPS 1b, the discussion is very similar to
that of SPS 1a, and the inferred constrains on mN3 are almost identical. SPS 2 and SPS 3 offer
























































































































Figure 2.16: Correlation between BR(µ → e γ) and BR(τ → µ γ) as a function of mN3 . The
points displayed mimic the behaviour of the central θ13 = 10
◦ marked point in Fig. 2.15, for
SPS points 1a, 1b, 2, 3, 4 and 5. Horizontal and vertical dashed (dotted) lines denote the
experimental bounds (future sensitivities).
very close predictions, and when compared to SPS 1a, for the same θ13 measurement, allow to
extract slightly weaker bounds on mN3 . On the other hand, SPS 4 clearly provides the most
stringent scenario and a measurement of θ13 = 10
◦ is only compatible with mN3 . 10
12 GeV.
Notice also that this is the only case where the present experimental bound from BR(τ → µγ)
plays a relevant role. SPS 5 provides the weakest bounds on mN3 but nevertheless still allows
to exclude mN3 & 10
14 GeV from a measurement of θ13 = 10
◦. Finally, it is interesting to
notice that the observed correlations for SPS 5 are manifestly different from the other cases, in
agreement with the findings of Section 2.1.3. In this case, varying mN3 leads to predictions of
the BR(µ→ e γ) and BR(τ → µγ) which are not linearly correlated, opposed to what would be
expected from the LLog approximation.
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2.1.6 Summary
In this section, we have investigated lepton flavour violating radiative decays in the CMSSM
extended by three right-handed (s)neutrinos, and used the seesaw mechanism to explain the
smallness of the neutrino masses. We have parameterised the solutions to the seesaw equation
in terms of a complex orthogonal matrix R and of the right-handed neutrino masses, requiring
compatibility with low-energy data. We have considered scenarios of hierarchical light and
heavy neutrinos. In addition, we imposed consistency with present bounds on charged lepton
EDMs and baryogenesis via thermal leptogenesis taking into account constraints on the reheating
temperature from non-thermal LSP production by gravitino decay. We have studied in great
detail the sensitivity of the BRs of LFV radiative decays to θ13, giving special emphasis to the
µ→ e γ decay channel.
In a first stage, we have considered the simple case R = 1 where there are no additional
neutrino mixings other than those in the UPMNS. We have found a very pronounced sensitivity
to θ13 in the decay channels µ → e γ and τ → e γ. Varying θ13 from 0◦ to 10◦, the branching
ratios for the above processes increase by several orders of magnitude. In view of the present
experimental bounds and the expected future sensitivity, µ → e γ is by far the most promising
channel to study the sensitivity to θ13 in LFV processes. We have presented the predictions
for the branching ratios for various SPS SUSY benchmark points. We further emphasised the
importance of a full numerical computation, which we have found to differ significantly from the
LLog approximation in some cases.
We have then explored how the sensitivity of BR(µ → e γ) to θ13 is altered when we take
into account the remaining SUSY-seesaw parameters. In this sense, we have found that the most
relevant parameters are θ1, θ2, mN3 and tan β and we have systematically studied their influence
on the impact of θ13 on BR(µ→ e γ). We have also noticed that the sensitivity to θ13 improves
for lower values of mν1 (mν1 . 10
−3 eV). Compared to the special case R = 1, non-vanishing θi
can have important consequences. In particular, the sensitivity to θ13 is considerably reduced for
large values of |θ1| and |θ2|. Generically, the separation between the BR predictions for distinct
θ13 is reduced when we move from R = 1 to R 6= 1, and one could be led to the conclusion that
the BR sensitivity to θ13 would be reduced. However, we have also found cases of R 6= 1 where,
although this separation is reduced, the BR predictions are now larger (and can be above the
experimental bounds) and different θ13 values can be distinguished even more efficiently than in
the R = 1 case.
Regarding the right-handed neutrino masses, the most relevant one for the LFV BRs is
clearly mN3 (with a marginal role being played by mN2). Even though mN1 does not directly
affect the BRs, it nevertheless plays a relevant role with respect to baryogenesis. This, together
with the assumption of hierarchical right-handed neutrinos, leads furthermore to an indirect
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lower bound for mN3 . For a given choice of θ13, the dependence on mN3 is so pronounced that
for the investigated range [1011GeV, 1015GeV], the BRs change by over six orders of magnitude.
Thus, and even though the sensitivity to θ13 is clearly manifest (for instance, more than two
orders of magnitude separation between the BR predictions of θ13 = 1
◦ and 5◦, for a given value
of θ2) without additional knowledge of mN3 it will be very difficult to disentangle the several
θ13 cases.
In a similar fashion, the sensitivity of the BRs to θ13 can be altered by the uncertainty
introduced from the indetermination of tan β. The study of the generalised SPS points shows
that changing tan β from 5 to 50 translates in BR(µ → e γ) predictions which differ by two
orders of magnitude, so that unless there is an experimental determination of tan β, it will
also be hard to distinguish the distinct θ13 predictions. Moreover, we have emphasised that
this strong dependence on mN3 and tanβ can be constructively used as a means of extracting
information on these parameters from a potential joint measurement of θ13 and BR(µ→ e γ).
Remarkably, within a particular SUSY scenario and scanning over specific θ1 and θ2 ranges
for various values of θ13, the comparison of the theoretical predictions for BR(µ → e γ) and
BR(τ → µγ) with the present experimental bounds allows to set θ13-dependent upper bounds
on mN3. Together with the indirect lower bound arising from leptogenesis considerations, this
clearly provides interesting hints on the value of the seesaw parameter mN3 . For instance, in
the SUSY scenario SPS1a and for values of θ13 in the present experimental allowed range, the
present MEGA constraint on BR(µ → eγ) already sets an upper bound on mN3 , mN3 . 1013
GeV for θ13 & 10
◦ and mN3 . 6 × 1013 GeV for θ13 & 3◦, as inferred from Fig. 2.15. These
bounds are even more stringent for the case of SPS4 (see Fig. 2.16) where the present contraint
on BR(µ → eγ) sets an upper bound of mN3 . 3 × 1012 GeV for θ13 & 10◦ and mN3 . 1013
GeV for θ13 & 3
◦. With the planned future sensitivities, these bounds would further improve
by approximately one order of magnitude.
2.2 LFV Higgs decays
We are interested now in the LFV Higgs boson Decays (LFVHD), H → τ µ¯, τ e¯, µe¯ (and obviously
their CP conjugates), and the branching ratios that can be generated in the context of the
CMSSM-seesaw models with parameters being compatible with the neutrino data and the most
relevant data of τ and µ radiative decays.
Concretely, we will study h0,H0, A0 → lj l¯i decays, with j 6= l. The subject of LFVHD
being generated from loops of SUSY particles has been considered previously in [188] and [56].
In [188] it was analyzed a specific SUSY-SU(5) scenario where the slepton-lepton misalignment
was generated exclusively from the running of the trilinear A-terms. On the other hand, the
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computation of [56] was not in the context of the MSSM-seesaw but in a more generic scenario
for slepton-lepton misalignement. Besides, in [56], the effective lagrangian approach that is
valid for large tanβ values and large SUSY mass values is used. We present here instead,
a complete one-loop computation in the SUSY-seesaw context and do not rely on any of the
above approximations, that is we do not use either the MI approximation or the large tan β
effective lagrangian approach and, therefore, our results are valid for all tan β values and all
soft-SUSY-breaking mass values.
We will explore here the size of the branching ratios for the Higgs decays as a function of the
relevant SUSY parameters, which within the context of CMSSM are M0, M1/2, A0 and tan β,
and of the relevant seesaw parameters, which are mNi and the R matrix. For comparison, we
will analyse in parallel the branching ratios for the lj → liγ decays as a function of the same
parameters. The requirement of compatibility with the present data on lj → liγ decays, mainly
µ → e γ and τ → µγ, will provide us with the maximum allowed ratios for the Higgs decays.
We will also study the behaviour of the LFVHD widths in the limit of very heavy SUSY masses
and will find that the sleptons, sneutrinos, charginos and neutralinos do not decouple in this
observables. For large SUSY masses, large tan β and particular choices of the seesaw parameters
we will find agreement with the numerical results of [56].
2.2.1 Analytical results for LFVHD
The contributions to the LFVHD rates in the constrained SUSY-seesaw scenarios come from
various sectors. The contributions from the charged Higgs sector and from the SM sector (i.e,
H±, W± and G±) are kwonw to be very small [101] and will not be included here. The main
contributions come from the genuine SUSY sector, concretely, from the one-loop diagrams with
charginos, neutralinos, sleptons and sneutrinos shown in Fig. B.3, that we number for calculation
purposes in the first row from 1 to 4 and in the second row from 5 to 8.
After the computation of the eight contributing one-loop diagrams, drawn in Fig. B.3, we find
the analytical results presented in Appendix B which have been written in terms of the standard
one-loop integrals, C0, B0, C12, ... etc, whose definitions can be found for instance in [189]. These
provide the total contributions to the relevant form factors HL and HR that are related to the
decay amplitude for H → lj l¯i by
TLFVHD = u¯lj (HLPL +HRPR)vli . (2.11)








LFV Higgs decays 99
with p = 1, 2, 3 for Hp = (h




L(R),c are the the contributions of
neutralino and chargino loops, respectively, given in Appendix B. The values of the involved
couplings are given in Appendix A and the loop functions in Appendix C.
The LFVHD widths can be obtained finally from these form factors by












(m2H −m2lj −m2li)(|HL|2 + |HR|2)− 4mljmliRe (HLH∗R)
)
. (2.13)
Notice that since we will consider complex R matrices, the corresponding decay widths for the
CP conjugate states, in general, can be different. We do not study here these CP conjugate
decays and concentrate on the Hp → τ µ¯, τ e¯, µe¯ decays, with p = 1, 2, 3.
2.2.2 Numerical results and discussion
We show from Figs. 2.17 to 2.20 the numerical results of the branching ratios for the LFVHD
in the CMSSM-seesaw scenario. We have shown in the plots just the dominant channels, which
are Hx → τ µ¯, and some comments will be added on the other channels. Similarly, for the
comparison with the leptonic radiative decays, lj → liγ, we will show in the plots the most
relevant one, which is µ→ e γ or τ → µγ, depending on the case.
The results of the branching ratios for the LFVHD, in the τ µ¯ channel, as a function of the
Majorana mass, mN , with degenerate heavy neutrinos and real R, are illustrated in Fig. 2.17,
for several tan β values, tanβ = 3, 10, 30, 50. The explored range in mN is from 10
8 GeV up to
1014 GeV. We also show in this figure, the corresponding predicted rates for the most relevant
lepton decay, which in this case is µ → e γ, and include its upper experimental bound. We
have checked that the other channels are well within their experimental allowed range. From
this figure we first see that the branching ratios for the light Higgs boson are smaller than
the heavy Higgs ones in about two orders of magnitude. The ratios of H0 and A0 are very
similar in all the plots and, for this scenario, they can reach values up to just 2.2 × 10−10 in
the region of high tan β and high mN . Besides, the rates for µ → e γ decays are below the
upper experimental bound for all explored tanβ and mN values. From these plots we also see
clearly the high sensitivity to tanβ of the LFVHD rates for all Higgs bosons which, at large
tan β, scale roughly as (tan β)4, in comparison with the LFV radiative decay rates which scale
as (tan β)2. The dependence of both rates on mN is that induced from the δij dependence, and
corresponds approximately to what is expected from the MI and LLog approximations, where
BR(Hx → lj l¯i), BR(lj → liγ) ∝ |δij |2 ∝ |mN log(mN )|2.
In what regards to the relative importance of the various SUSY sectors to the LFVHD rates,


































































































BR(h0 → τ µ¯)
Figure 2.17: Dependence of BR(Hx → τµ¯) on mN (GeV), with degenerate heavy neutrinos and
real R, for several values of tanβ. (a) Upper-left panel, Hx = H
0, (c) lower-left panel, Hx = A
0
and (d) lower-right panel, Hx = h
0. (b) Upper-right panel: Dependence of BR(µ → e γ) with
mN for several values of tanβ. In all plots, the solid, dashed, dashed-dotted and dotted lines
are the preditions for tanβ = 3, 10, 30 and 50, respectively. The horizontal line in (b) is the
upper experimental bound on BR(µ → e γ). The other input parameters are, M0 = 400 GeV
M1/2 = 300 GeV, A0 = 0 and sign(µ) > 0.
we have found that these are dominated by the chargino contributions, that is from the loop
diagrams (1),(2),(3) and (4) in Fig. B.3. For instance, for mN = 10
14 GeV , M0 = 400 GeV,
and M1/2 = 300 GeV, we have found the following ratios between the chargino and neutralino
contributions to the H0 form factors: |H χ˜−L /H χ˜
0
L | = 6.1, 6, 7.3, 23.1 for tan β = 3, 10, 30, 50





























where the superscript refers to the corresponding
diagram. Similar χ˜−/χ˜0 ratios are found for the corresponding HR form factors. The relative
ratio found of HL/HR ≃ 17 is nicely explained by the mτ/mµ ratio. For the lightest Higgs
boson, we find |H χ˜−L /H χ˜
0
L | = 1.5, 1.4, 1.7, 4, correspondingly.
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Concerning to the comparative size of the contributions from the various chargino loop
diagrams we have found that, at large tanβ, the external leg corrections are clearly the dom-









L | and |H(4)L,H0/H
χ˜−
L |, we get
the respective percentages, 60.6%, 39.3% and 0.1%, for tan β = 10 and 93.8%, 6.2%, 0% for
tan β = 50.
The branching ratios for the Higgs boson decays into τ e¯ and µe¯ are much smaller than
the τ µ¯ ones, as expected, and we do not show plots for them. For instance, for mN = 10
14
GeV, and tanβ = 50 we find BR(H(x) → τ µ¯)/BR(H(x) → τ e¯) = 3.9 × 103 and BR(H(x) →
τ µ¯)/BR(H(x) → µe¯) = 1.3× 106 for the three Higgs bosons.
All the previous results are for fixed M0 = 400 GeV and M1/2 = 300 GeV. The dependence
with M0 and M1/2 will be discussed later on within the context of hierarchical neutrinos.
In summary, the LFVHD rates for degenerate heavy neutrinos are very small, at most 2.2×
10−10, for the explored range of the seesaw parameters and tanβ. Obviously, larger values of
these LFVHD ratios could be obtained for larger tan β values, but we have not considered them
here.
We next present the results for hierarchical neutrinos. The results for real and complex R
and for the mass hierarchy (mN1 ,mN2 ,mN3) = (10
8, 2× 108, 1014) GeV, are shown in Figs. 2.18
and 2.19, respectively. From these figures we first confirm that the LFVHD and LFV radiative
decay rates are larger in this case than for degenerate heavy neutrinos. In the following we study
the restrictions on the maximum allowed Higgs decay rates coming from the experimental LFV
radiative decay bounds, in the case of hierarchical neutrinos.
For instance, the case of real θ1, that is illustrated in Figs. (2.18a) and (2.18b) for tan β = 50,
M0 = 400 GeV andM1/2 = 300 GeV, shows that compatibility with µ→ e γ data occurs only in
the very narrow dips at around θ1 = 0, 1.9 and π. The presence of these narrow regions where
the µ→ e γ rates are drastically suppresed were already pointed out in [114] and commented in
Section 2.1 and correspond clearly to the minima of |δ12| in Fig. (1.1c). Notice that it is precisely
at the points θ1 = 0, π where the BR(H
0, A0 → τ µ¯) rates reach their maximum values, although
these are not large, just about 1.3 × 10−8. Notice also, that these maxima correspond clearly
to the maxima of |δ23| in Fig. (1.1c). We have checked that for lower tanβ values, the allowed
regions in θ1 widen and are placed at the same points, but the corresponding maximum values of
the LFVHD rates get considerably reduced. The alternative case of real θ2 6= 0, with θ1 = θ3 = 0
is illustrated in Figs. (2.18c) and (2.18d). We see that the behaviour of BR(Hx → τ µ¯) with θ2 is
very similar to that with θ1 of Fig. (2.18a) and the maximum values of about 1.3×10−8 are now
placed at θ2 = 0, π. BR(µ→ e γ) also reaches its maximum at θ2 = 0, π, but it is still well below
the experimental bound. In particular, for tanβ = 50, M0 = 400 GeV and M1/2 = 300 GeV
this maximum value is 3 × 10−12. Notice, that the behaviour with θ2 is explained once again
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Figure 2.18: (a) Left panel: Dependence of BR(Hx → τµ¯) with θ1. Solid, dashed and dashed-
dotted lines (the two later undistinguishible here) correspond to Hx = (h
0, H0, A0) respectively.
(b) Right panel: Dependence of BR(µ → e γ) with θ1. The horizontal dashed-dotted line is
the upper experimental bound. Both panels are for hierarchical neutrinos and for real θ1 6= 0,
(mN1 ,mN2 ,mN3) = (10
8, 2 × 108, 1014) GeV, θ2 = θ3 = 0, tanβ = 50, M0 = 400 GeV,
M1/2 = 300 GeV, A0 = 0 and sign(µ) > 0, that corresponds to SPS 4. (c), lower left panel,
and (d), lower right panel, are as in (a) and (b) respectively, but for θ2 6= 0 and θ1 = θ3 = 0
in terms of the corresponding δij behaviour. Regarding the dependence with θ3, not shown in
the plots, a different situation is found, where BR(Hx → τ µ¯) is approximately constant, and for
the heavy Higgs bosons it is around 1.3 × 10−8. BR(µ → e γ), BR(τ → µγ) and BR(τ → e γ)
are also approximately constant with θ3. In addition, we have checked that these three leptonic
constant decay rates are within the experimental allowed range. In summary, for real R we find
that the maximum allowed LFVHD rates are at or below 1.3× 10−8.
The case of complex R is certainly more promising. The examples shown in Figs. (2.19a)
and (2.19c) are for the most favourable case, among the ones studied here, of complex θ2 6= 0
with θ1 = θ3 = 0. It shows that considerably larger BR(Hx → τ µ¯) rates than in the real R
LFV Higgs decays 103
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Figure 2.19: (a) Upper-left panel: Dependence of BR(Hx → τµ¯) on argθ2 for |θ2| = π. (b)
Upper-right panel: Dependence of BR(τ → µ γ) onarg θ2 for |θ2| = π. (c) Lower-left panel:
Dependence of BR(Hx → τµ¯) on |θ2| forarg θ2 = π/4. (d) Lower-right panel: Dependence of
BR(τ → µ γ) on |θ2| for argθ2 = π/4. All figures are for hierarchical neutrinos and complex θ2
and θ1 = θ3 = 0. The rest of parameters are fixed to: (mN1 ,mN2 ,mN3) = (10
8, 2 × 108, 1014)
GeV, tanβ = 50, M0 = 400 GeV and M1/2 = 300 GeV. Solid, dashed and dashed-dotted
(the two later undistinguishible here) lines in the left panels correspond to Hx = (h
0, H0, A0)
respectively. The horizontal line in the right panels is the experimental upper bound on τ → µ γ.
At present this bound has been improved as summarised in Table 2.1.
case are found. For the explored θ2 values in these plots, the Higgs rates grow with both |θ2|
andarg θ2 and, for the selected values of the parameters in this figure, they reach values up to
around 5 × 10−5. We have checked that the predicted rates for BR(τ → eγ) are well below the
experimental upper bound and that the µ→ e γ decay is, in this case, less restrictive than the
τ → µγ decay. Notice that the smallness of the µ → e γ and τ → e γ decay rates, in the case
under study of θ2 6= 0, is not maintained if our hypothesis on θ13 = 0 is changed. For instance,
for θ13 = 5
o, which is also allowed by neutrino data, we get BR(µ → e γ) ∼ 2.4 × 10−8, for
θ2 = πe
i pi
10 , well above the experimental upper bound. This is why we keep θ13 = 0 in all this
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section. Therefore, in this case of complex θ2 6= 0 with θ13 = 0, the relevant LFV radiative
decay is τ → µγ which is illustrated in Figs. (2.19b) and (2.19d) together with its experimental
bound. We see that the allowed region by τ → µγ data of the (|θ2|, arg θ2) parameter space
implies a reduction in the Higgs rates, leading to a maximum allowed value of just 5× 10−8.
These results are for fixed values of (mN1 ,mN2 ,mN3) = (10
8, 2× 108, 1014) GeV and for the
SPS 4 input parameters, namely, tan β = 50, M0 = 400 GeV, M1/2 = 300 GeV, A0 = 0 and
sign(µ) > 0. We have found that other choices of the soft-SUSY breaking mass parameters, M0
and M1/2, are more efficient in order to get larger maximum allowed Higgs ratios. For instance,
for M0 =M1/2 = 1200 GeV, we find maximum allowed values of around 5.6× 10−6. The reason
for this improvement is the different behaviour with these parameters of the LFVHD and the
lepton decay rates, which will be studied in more detail next.
In Fig. 2.20 we show the dependence of BR(H0 → τ µ¯) and BR(τ → µγ) with M0 and M1/2
for hierarchical neutrinos with (mN1 ,mN2 ,mN3) = (10
8, 2 × 108, 1014) GeV and fixed values of
tan β = 50, θ2 6= 0, and θ1 = θ3 = 0. We see clearly in these plots the different behaviour of
these two observables with the soft SUSY breaking mass parameters. Figs. (2.20a) and (2.20c)
show a milder depencence of BR(H0 → τ µ¯) on M0 and M1/2 than that of BR(τ → µγ) in
Figs. (2.20b) and (2.20d), respectively. This implies that for large enough values of M0 or
M1/2 or both the BR(τ → µγ) rates get considerably suppresed, due to the decoupling of the
heavy SUSY particles in the loops, and enter into the allowed region by data, whereas the
BR(H0 → τ µ¯) rates are not much reduced. In fact, we see in Figs. (2.20e) and (2.20f) that for
the choice M0 =M1/2 the τ decay ratio crosses down the upper experimental bound at around
M0 = 1200 GeV whereas the Higgs decay ratio is still quite large ∼ 6 × 10−6 in the high M0
region, around M0 ≃ 2000 GeV. This behaviour with the soft-SUSY breaking parameters is a
clear indication that the heavy SUSY particles in the loops do not decouple in the LFVHD, in
much the same way as it has been shown to happen in the case of Higgs decays into quarks with
change of flavour [190]. Notice that the non-decoupling of the SUSY particles in the LFVHD
is a consequence of the non-decoupling in the effective H(x)τµ couplings and these in turn can
induce large contributions to other LFV processes that are mediated by Higgs exchange as, for
instance, τ → 3µ [53], some LFV semileptonic τ decays and µ − e conversion in nuclei. These
Higgs-mediated LFV processes will be analysed later on.
2.2.3 Non-decoupling behaviour of SUSY particles in LFVHD
In order to explore numerically the non-decoupling behaviour of the SUSY particles in the
contributing loops to the LFVHD we consider, instead of CMSSM, a simpler and more generic
MSSM scenario, with the δij being free parameters, which we now fix to some particular values,
concretely δ32 = −0.4, and δ21 = δ31 = 0. For simplicity, we also assume a common SUSY
LFV Higgs decays 105
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Figure 2.20: Dependence on M0 (GeV) and M1/2 (GeV) with (mN1 ,mN2 ,mN3) = (10
8, 2 ×
108, 1014) GeV, θ1 = θ3 = 0 and tanβ = 50. (a) Upper left panel: Behaviour of BR(H
0 → τµ¯)
with M0(GeV ) for M1/2 = 300 GeV and θ2 = πe
0.4i. (b) Upper right panel: Same as (9a) but
for BR(τ → µ γ). (c) Medium left panel: Behaviour of BR(H0 → τµ¯) with M1/2(GeV ) for
M0 = 400 GeV and θ2 = πe
0.8i. (d) Medium right panel: Same as (9c) but for BR(τ → µ γ).
(e) Lower left panel: Behaviour of BR(H0 → τµ¯) with M0 = M1/2(GeV ) for θ2 = πe0.8i. (f)
Lower right panel: Same as (9e) but for BR(τ → µ γ). The horizontal line in the right panels
is the upper experimental bound on BR(τ → µ γ). At present this bound has been improved as
summarised in Table 2.1.
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mass at the electroweak scale, MSUSY ≡ mL˜,l = mE˜,l = M0 = µ and choose M2 = 23µ, M1 =
5
3 tan
2 θWM2. This particular value of δ32 corresponds roughly to the predicted δ32 in the MSSM-
seesaw with the parameters set in Fig. (2.20e). Finally, the BR(H0 → τ µ¯) is shown in Fig. 2.21
as a function of this common MSUSY scale, for tan β = 50 and mH0 = 340 GeV. We see clearly
that for large MSUSY the branching ratio approaches to a constant non-vanishing value, which
for these input parameter values is of about 10−5, and therefore the charginos, neutralinos,
charged sleptons and sneutrinos do not decouple in this observable.
Finally, the mathematical demonstration of a non-decoupling behaviour of the SUSY par-
ticles relies in the analytical computation of the one-loop Hτµ vertex for asymptotically large
SUSY masses. We have performed this computation in the simplest case where all the SUSY
masses are equal and got the following asymptotic limits for the dominant form factor HL, in





















(1 − 3 tan2 θW ) δ32 tan2 β . (2.15)
The fact that these form factors tend to a constant at infinitely large MSUSY shows clearly the
non-decoupling of the SUSY particles. Similar simple results are found for the relevant form
factors in the other LFV leptonic decays.
From these simple expressions we can estimate quite easily the LFVHD ratios. For instance,
for the parameters chosen in Fig. 2.21, we get BR(H0 → τ µ¯) ≃ 3×10−6 in reasonable agreement
with our numerical result in this figure and in Fig. (2.20e). Notice also that this asymptotic
result agrees with the result from the effective lagrangian approach in [56]. Finally, it is worth
mentioning that this non-decoupling behaviour is in contrast with the behaviour of BR(µ→ e γ),
which scales as (MW /MSUSY)
4, and explains the comparatively large LFVHD rates found here.
2.2.4 Summary
In this section we have studied in full detail the lepton flavour violating Higgs boson decays
within the CMSSM-seesaw scenario. We find that the largest ratios are for H0 → τ µ¯ and
A0 → τ µ¯ decays with similar rates. After exploring the dependence of the H0 → τ µ¯ decay rates
with all the involved parameters of the CMSSM-seesaw scenario, and by requiring compatibility
with data of the correlated predictions for µ → eγ, τ → eγ and τ → µγ decays, we find that
BR(H0 → τ µ¯) as large as 10−5, for hierarchical neutrinos and large MSUSY can be reached.
These ratios are mostly sensitive to tan β, the heaviest neutrino mass mN3 and the complex
angle θ2, which have been taken in the range 3 < tan β < 50, 10
8GeV < mN3 < 10
14GeV
and (|θ2|, arg θ2) ≤ (3.5, 1) respectively. The largest allowed ratios found in this work of about
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Figure 2.21: Behaviour of H0 → τµ¯ in a generic MSSM scenario as a function of the common
SUSY mass, MSUSY(GeV) ≡ mL˜,l = mE˜,l = M0 = µ. The gaugino soft masses are set to
M2 = 2/3µ and M1 =
5
3
tan2 θWM2. Here we fix δ32 = −0.4, δ21 = δ31 = 0, tanβ = 50 and
mH0 = 340 GeV.
10−5 are for tan β = 50, mN3 = 10
14 GeV, large MSUSY in the TeV range and for our choice of
θ2 = πe
0.8i, θ1 = θ3 = 0, but a more refined analysis of the full parameter space could lead to
even larger rates. In particular, it is obvious that larger tan β values will enhance considerably
the rates and lead to Higgs ratios closer to the future experimental reach of 10−4 at LHC [191]
and e+e− and µ+µ− colliders [192], but we have not tried this because it would require to
perform a resummation of the large tan β contributions that is beyond the scope of this thesis.
2.3 LFV decays into three leptons: lj → 3 li
Our aim in this section is to analyse the branching ratios that can be generated for the LFV
decays into three leptons, namely µ→ 3 e, τ → 3 e and τ → 3µ, in the context of the CMSSM-
seesaw scenarios. These LFV processes have previously been studied in the SUSY-seesaw context
by several authors [49–53, 71, 114, 139, 181, 182, 185, 193–202], under some specific assumptions
for both seesaw parameters, mD and mM , and for the CMSSM parameters, M0, M1/2, A0,
sign(µ) and tan β.
The present study of these decay channels updates, completes and corrects the previous
anlayses in several respects. First we include, by the first time to our knowledge, the full set of
SUSY one-loop contributions to the lj → 3 li decays, namely, the photon, the Z boson, and the
Higgs bosons penguin diagrams, and the box diagrams. The most complete computation so far
of these lj → 3 li decays was done in [49] where the contributions from the photon and Z boson
penguin diagrams and from the box diagrams were included, but they focused on the particular
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choice of degenerate heavy Majorana neutrinos and they presented numerical results just for
µ → 3e decays. We extend this previous study by including in addition the Higgs penguin
diagrams mediated by the three neutral MSSM bosons, H0, h0 and A0, and correct their results
for the Z penguin contributions. We also extend their study in that we present results for the
three decays, µ→ 3e, τ → 3µ and τ → 3e and consider both possible scenarios, degenerate and
hierarchical heavy neutrinos. There are other interesting LFV τ leptonic decays, like τ → µe+e−
and τ → eµ+µ−, that we do not consider in this thesis.
The current experimental upper bounds of lj → 3 li channels are shown in Table 2.3.
LFV decays SINDRUM BABAR Belle
BR(µ→ 3 e) 1× 10−12 [59] — —
BR(τ → 3 e) — 4.3× 10−8 [70] 3.6 × 10−8 [69]
BR(τ → 3µ) — 5.3× 10−8 [70] 3.2 × 10−8 [69]
Table 2.3: Present upper bounds for lj → 3 li decays
2.3.1 Analytical results for lj → 3 li decays
In this section we present the analytical results for the LFV τ and µ decays into three leptons
with the same flavour, within the constrained SUSY-seesaw scenarios that we have presented
in Chapter 1. We perform a complete one-loop computation of the τ and µ decay widths for
all the three possible channels, τ → 3µ, τ → 3 e and µ → 3 e, and include all the contributing
SUSY-loops. We present each contribution separately, γ-penguin, Z-penguin, Higgs-penguin and
boxes. The contributions from the Higgs-penguin diagrams are, to our knowledge, computed
exactly by the first time here. We have also reviewed the analytical results in [49] and correct
their results for the Z-penguin contributions. Notice that we make the computation in the
physical mass eigenstate basis. That is, we consider the one-loop contributions from charged
sleptons, l˜X (X = 1, .., 6), sneutrinos ν˜X (X = 1, 2, 3), charginos χ˜
−
A (A = 1, 2), and neutralinos
χ˜0A (A = 1, .., 4). The interactions in the physical mass eigenstate basis that are needed for this
computation are collected in the form of Feynman rules in Appendix A.
First, we define the amplitudes for the l−j (p)→ l−i (p1)l−i (p2)l+i (p3) decays as the sum of the
various contributions shown in Fig. 2.22,
T (lj → 3 li) = Tγ−penguin + TZ−penguin + TH−penguin + Tboxes . (2.16)
In the following we present the results for these contributions in terms of some convenient
form factors.




















Figure 2.22: Photon-, Z-, H-penguin and box diagrams contributing to lj → 3 li decays.
γ-penguin contributions
The diagrams in Fig. 2.22 where a photon is exchanged are called γ-penguin diagrams and their
contributing loops are shown in Fig. B.1. The result for the γ-penguin amplitude contributing



















µvi(p3)− (p1 ↔ p2) , (2.17)
where q is the photon momentum and e is the positron electric charge. The photon-penguin
amplitude has two contributions in the SUSY-seesaw scenarios from the chargino and neutralino
sectors respectively, as can be seen in the structure of the form factors in Eq. (2.2). Notice that
in this case, in contrast to LFV radiative decays lj → liγ, both vector (AL,R1 ) and dipole (AL,R2 )
form factors contribute, due to the fact that an off-shell photon can be also exchanged. The
neutralino and chargino contributions are given by Eqs. (B.4)-(B.8), repectively.
Z-penguin contributions
The diagrams in Fig. 2.22 where a Z boson is exchanged are called Z-penguin diagrams and















vi(p3)− (p1 ↔ p2) , (2.18)
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L(R). The expressions for these form factors are given in
Appendix B. Notice that all the loop functions are evaluated at zero external momenta which



















The expressions for the couplings are collected in Appendix A and the loop functions [189]
are given in the Appendix C. Notice that our result for the Z-penguin contributions differs
significantly from the result in [49]. In fact, these authors did not consider all the diagrams in
these Z-penguin contributions, which we think is not justified.
Box contributions
The box-type diagrams are shown in Fig. B.4. We have computed these diagrams and found a
result in agreement with [49]. The amplitude for these box contributions can be written as
Tboxes = e
2BL1 [u¯i(p1) (γ
µPL)uj(p)] [u¯i(p2) (γµPL) vi(p3)]
+ e2BR1 [u¯i(p1) (γ
µPR) uj(p)] [u¯i(p2) (γµPR) vi(p3)]
+ e2BL2 {[u¯i(p1) (γµPL) uj(p)] [u¯i(p2) (γµPR) vi(p3)]− (p1 ↔ p2)}
+ e2BR2 {[u¯i(p1) (γµPR)uj(p)] [u¯i(p2) (γµPL) vi(p3)]− (p1 ↔ p2)}
+ e2BL3 {[u¯i(p1)PLuj(p)] [u¯i(p2)PLvi(p3)]− (p1 ↔ p2)}
+ e2BR3 {[u¯i(p1)PRuj(p)] [u¯i(p2)PRvi(p3)]− (p1 ↔ p2)}
+ e2BL4 {[u¯i(p1) (σµνPL) uj(p)] [u¯i(p2) (σµνPL) vi(p3)]− (p1 ↔ p2)}






a a = 1, ..., 4 . (2.22)
The different neutralino and chargino contributions are given in Appendix B.
Higgs-penguin contributions
The diagrams in Fig. 2.22 where a Higgs boson is exchanged are called Higgs-penguin diagrams.
The contributing loops are shown in Fig. B.3 and have been computed here by the first time.
These were usually not considered in the literature. In particular, in the most complete study
so far of [49] these Higgs-penguin diagrams were not included. However, they are expected to
be relevant at large tanβ [53]. We will therefore include them here. Specifically, we include
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the contributions from the three neutral MSSM Higgs bosons, h0, H0 and A0 and consider all
SUSY-loops.
In this case, it is convenient to write the amplitude as
THiggs = e
2BL2,Higgs {[u¯i(p1) (γµPL) uj(p)] [u¯i(p2) (γµPR) vi(p3)]− (p1 ↔ p2)}
+ e2BR2,Higgs {[u¯i(p1) (γµPR)uj(p)] [u¯i(p2) (γµPL) vi(p3)]− (p1 ↔ p2)}
+ e2BL3,Higgs {[u¯i(p1)PLuj(p)] [u¯i(p2)PLvi(p3)]− (p1 ↔ p2)}






a,Higgs a = 2, 3 . (2.24)




































a = 2, 3 , (2.27)
with Hp(p = 1, 2, 3) = h




R,n are given in eqs. (B.17) and (B.18).




































a = 2, 3 , (2.30)
where H
(p)
L(R),c can be obtained from the previous H
(p)




DL(R) → WL(R) .
The values of the couplings and the loop functions are given in Appendices A and C, respectively.
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lj → 3 li decay width
The decay width for lj → 3 li can then be written in terms of the previous form factors as [49]




[∣∣AL1 ∣∣2 + ∣∣AR1 ∣∣2 − 2 (AL1AR∗2 +AL2AR∗1 + h.c.)
+





(∣∣BL1 ∣∣2 + ∣∣BR1 ∣∣2)+ 13










































































































FRL = FLR|L↔R . (2.35)
Notice that we have put the Higgs contributions together with the box ones in order to follow











Note also that we have corrected the result in [49] for the term that goes with
(∣∣AL2 ∣∣+ ∣∣AR2 ∣∣).
2.3.2 Numerical results for lj → 3 li decays
We present in this section the numerical results for all the branching ratios of LFV lj → 3 li
decays in the context of the constrained SUSY-seesaw scenarios that have been introduced in
the previous chapter. We focus here on the different diagrams contributing to these processes,
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Figure 2.23: Dependence of LVF τ → 3µ decay on tanβ with degenerate heavy neutrinos and
real R, for mN = 10
14 GeV. The other input parameters are, M0 = 400 GeV, M1/2 = 300 GeV,
A0 = 0 and sign(µ) > 0.
presented in Section 2.3.1, and also compare the results with those of the radiative decays
τ → µγ, τ → e γ and µ → e γ. The reason to consider these radiative decays together with
the decays into three leptons is that there are interesting correlations among them that provide
additional information in testing SUSY. Specifically, we show in this section the correlations
between the ratios of τ → 3µ and τ → µγ; between τ → 3 e and τ → e γ; and between µ→ 3 e
and µ→ e γ. In all this numerical analysis we require compatibility with the neutrino data and
with the present upper experimental bounds for all these branching ratios, as given explicitely
in Chapter 1.
Degenerate case
We show in Fig. 2.23 through Fig. 2.26 the numerical results of the branching ratios for the LFV
lj → 3 li decays with degenerate heavy neutrinos of mass mN . We show our predictions for the
three channels, τ → 3µ, τ → 3 e and µ → 3 e, and similarly, for the comparison with the LFV
radiative decays, we also show in the plots the correlated decay, τ → µγ, τ → e γ and µ→ e γ,
respectively.
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The results of the branching ratios for the τ → 3µ decay as a function of tan β are illustrated
in Fig. 2.23. In these plots we setmN = 10
14 GeV and assume the matrix R to be real. From this
figure we see that the predicted rates are well below its experimental upper bound for all tan β
values, even though the total rates grow fast with tanβ. Comparing this figure with Fig. 2.1
we also see clearly the mentioned correlation between the τ → 3µ and τ → µγ rates. In fact,
this correlation is an inmediate consequence of the dominance of the γ-penguin contributions
which clearly governs the size of the τ → 3µ rates. This is clearly illustrated in Fig. 2.23, where
the various contributions are shown separately. In fact, the contributions from the γ-penguin
diagrams are almost undistinguishable from the total rates for all tanβ values. For low tan β
values the next dominant contribution is from the Z-penguin diagrams, but this is still more than
one order of magnitude smaller than the γ-penguin contribution. The contributions from the
box diagrams are even smaller. We also learn that the Z and boxes contributions do not depend
significantly on tanβ, while the photon contribution goes approximately as (tan β)2 at large
tan β. In this large tanβ region it is interesting to note that the total Higgs contribution becomes
larger than the Z contribution and the boxes, due to the fact that it grows approximately as
(tanβ)6. In this total Higgs contribution the dominant penguins are those with H0 and A0
exchanged, which are several orders of magnitude larger than the h0-penguin contribution.
However, in spite of this huge enhacement of the total Higgs contribution occurring at large
tan β, its relative size as compared to the photon-penguin contribution is still negligible. For
instance, for the values set in this figure of M0 = 400 GeV, M1/2 = 300 GeV, A0 = 0, signµ > 0
and mN = 10
14 GeV, the Higgs contribution is still four orders of magnitude smaller than the
photon-penguin contribution at tanβ = 50.
We have checked that other choices of parameters, specially lower M0 and M1/2 lead to
larger contributions from the Higgs-penguins, since one gets ligther SUSY spectra and more
importantly lighter H0 and A0 bosons. However, the present experimental lower bounds on the
MSSM particle masses, do not allow to decrease much these M0 and M1/2 values, so that in
this CMSSM context the relevant mH0 , and mA0 masses can never get low enough values such
that their corresponding Higgs-penguin contributions be competitive with the γ-penguin ones.
From this figure we conclude then that the leading γ-penguin approximation works extremely
well, for all tanβ values. In this approximation one gets9
BR(lj → 3li)
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Figure 2.24: Dependence of τ → 3µ decay on mN with degenerate heavy neutrinos and real R,
for tanβ = 50. The other input parameters are, M0 = 400 GeV, M1/2 = 300 GeV, A0 = 0 and
sign(µ) > 0.
respectively. As will be seen later it also works extremely well in the other channels. These nearly
constant values of the ratios of branching ratios will be showing along this work. Obviously, if
these ratios could be measured they could provide interesting information.
Now we comment on the relevance of the choice for the mN values. In Fig. 2.24 we have
illustrated the BR(τ → 3µ) as a function of mN for degenerate heavy neutrinos and tan β = 50,
with an explored range for mN that is from 10
8 GeV up to 1014 GeV. If we compare this figure
with Fig. 2.1 we clearly see that both channels, τ → 3µ and τ → µγ, have the same behaviour
with mN which corresponds approximately to BR(τ → 3µ), BR(τ → µγ) ∝ |mN log(mN )|2.
Again, the predicted branching ratios are well bellow their experimental upper bounds, even at
the largest mN value of 10
14 GeV.
For completeness, we also include the results of the other two channels τ → 3 e and µ→ 3 e
in Fig. 2.25, where the predictions are shown as a function of tan β. Their corresponding
behaviours are very similar to those in BR(τ → 3µ). We see again that the leading γ-penguin
approximation works extremely well for these channels, and the previously mentioned values
of the branching ratios give a pretty good answer. We find again that the rates for all these
decays are well below their corresponding experimental bounds, in the degenerate case, for all
the explored values of tanβ and mN .
To end up the study of the degenerate case, we have also explored the dependence of the
largest ratios BR(τ → 3µ) and BR(τ → µγ) with the SUSY parameters M0 and M1/2. These
results are shown in Fig. 2.26. We see clearly a similar behaviour in the two channels and
their rates decrease as expected when increasing the soft SUSY breaking mass parameters.
This implies that for large enough values of M0 or M1/2 the branching ratios are considerably
116 LFV in leptonic τ , µ and Higgs decays


















Figure 2.25: Dependence of BR(τ → 3 e) (left panel) and BR(µ → 3 e) (right panel) on tanβ
with degenerate heavy neutrinos and real R, for mN = 10
14 GeV. The other input parameters
are, M0 = 400 GeV, M1/2 = 300 GeV, A0 = 0 and sign(µ) > 0.
suppresed, due to the decoupling of the heavy SUSY particles in the dominant loops which are
common to both observables. Thus, looking at these plots we can obviously conclude that the
lighter the SUSY spectrum is, the larger branching ratios we get. However, as already said, the
more interesting region of low M0 and/or M1/2 values, being close to 100 GeV, is not allowed
by the present experimental lower bounds on the MSSM particle masses.
In summary, as in the previous study of the LFV radiative decays, the case of degener-
ate heavy neutrinos drive us to LFV τ and µ decay rates which are still below their present
experimental upper bounds, for all the explored values of the CMSSM-seesaw parameters.
Hierarchical case
We next present the results for the more promising case of hierarchical neutrinos, where the
choice for R is very relevant. The results for the general complex R case and for the particular
mass hierarchy (mN1 ,mN2 ,mN3) = (10
8, 2 × 108, 1014) GeV, are shown in Fig. 2.27 through
Fig. 2.32. We will later explore other choices as well.
From these figures we first confirm that the LFV τ and µ decay rates lj → 3 li are much
larger in the hierarchical case than in the degenerate one. This is true even for the case of real R,
which corresponds in our plots to the predictions at arg θ1 = arg θ2 = arg θ3 = 0. Furthermore,
we get severe restrictions on the maximum allowed decay rates coming from the experimental
upper bounds.
The predictions for BR(τ → 3µ) as a function of |θ2| are depicted in Fig. 2.27. Here θ1 and
θ3 are set to zero, and arg θ2 = π/4. From now on the arguments of θ1, θ2 and θ3 are written in
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Figure 2.26: Dependence of BR(τ → 3µ) and BR(τ → µ γ) on M0 and M1/2, with degenerate
heavy neutrinos and real R, for mN = 10
14 GeV and tanβ = 50. (a) Upper-left panel, BR(τ →
3µ) as a function ofM0 for M1/2 = 100 GeV, (b) upper-right panel, BR(τ → µ γ) as a function
ofM0 forM1/2 = 100 GeV, (c) lower-left panel, BR(τ → 3µ) as a function ofM1/2 forM0 = 100
GeV, (d) lower-right panel, BR(τ → µ γ) as a function of M1/2 for M0 = 100 GeV. In all the
plots we take A0 = 0 and sign(µ) > 0.
radians. The other parameters are set to tanβ = 50, M0 = 400 GeV, M1/2 = 300 GeV, A0 = 0
and sign(µ) > 0. In Fig. 2.27 we show separately the various contributions to BR(τ → 3µ).
The dominant one is again the photon-penguin contribution (which is undistinguisible from the
total in this figure) and the others are several orders of magnitude smaller. We also see that the
relative size of the subdominant contributions have changed respect to the previously studied
degenerate case. Now the Higgs contribution is larger than the boxes one and this is larger than
the Z one. This is so because the largest tan β = 50 value has been set. All the rates for τ → 3µ
in this plot are within the allowed range by the experimental bound, which is placed just at the
upper line of the rectangle.
In Fig. 2.28 we show the predictions of BR(lj → 3 li) as functions of |θ2|, for all the channels
118 LFV in leptonic τ , µ and Higgs decays
















Figure 2.27: Dependence of BR(τ → 3µ) on |θ2| for hierarchical neutrinos and for arg θ2 = π/4,
(mN1 ,mN2 ,mN3) = (10
8, 2 × 108, 1014) GeV, θ1 = θ3 = 0, tanβ = 50, M0 = 400 GeV,
M1/2 = 300 GeV, A0 = 0 and sign(µ) > 0.
and for the different values of arg θ2 = 0, π/10, π/8, π/6, π/4. In all these plots we set again
tan β = 50, M0 = 400 GeV, M1/2 = 300 GeV, A0 = 0, sign(µ) > 0 and (mN1 ,mN2 ,mN3) =
(108, 2 × 108, 1014) GeV. The upper lines correspond to arg θ2 = π/4 and the lower ones to
arg θ2 = 0. These lower lines are therefore the corresponding predictions for real R. It is clear
that all the branching ratios have a soft behaviour with |θ2| except for the case of real θ2 where
appears a narrow dip in each plot. In this Fig. 2.28 we see that all the rates obtained are below
their experimental upper bounds. We also see that the rates for BR(µ → 3e) enter in conflict
with experiment at the upper corner of large |θ2| and large arg θ2 = π/4.
The results for BR(lj → 3 li) as functions of |θ1|, for different values of arg (θ1), are illustrated
in Fig. 2.29. Here θ2 and θ3 are set to zero. The same set of CMSSM parameters and heavy
neutrino masses as in Fig. 2.28 are taken for comparison. We see clearly that the restrictions are
more severe in this case than in the previous one. In this sense, the predictions for BR(µ→ 3 e)
are mostly excluded, except for the region close to zero and the dip. Notice that the qualitative
behaviour of these all branching ratios with |θ1| in Fig. 2.29 and the locations of the dips can
be explained from the Yukawa coupling matrix behaviour in Fig. 1.8.
The scenario most seriously in conflict with experiment is shown in Fig. 2.30 where the
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Figure 2.28: Dependence of LVF τ and µ decays lj → 3 li on |θ2| with hierarchical heavy
neutrinos and complex R, for arg θ2 = 0, π/10, π/8, π/6, π/4 in radians (lower to upper lines),
(mN1 ,mN2 ,mN3) = (10
8, 2 × 108, 1014) GeV, θ1 = θ3 = 0, tanβ = 50, M0 = 400 GeV,
M1/2 = 300 GeV, A0 = 0 and sign(µ) > 0. The horizontal lines are the corresponding upper ex-
perimental bound of each channel. At present these bounds have been improved as summarised
in Table 2.3.
predictions for BR(lj → 3 li) are again plotted as a function of |θ1| and for the same choices
of arg θ1 as in the previous case, but now the SUSY parameters are set to the lower values
M0 = 250 GeV and M1/2 = 150 GeV. These lead to a lighter MSSM spectrum and and in
consequence to higher rates.
We conclude from Fig. 2.30 that the predictions for BR(µ → eγ) are totally excluded by
present data. The predictions for BR(τ → 3µ) start being sensitive to the present experimental
bounds for large complex θ1 values in the upper corner of the plot.
As in the case of LFV radiative decays, we have also explored the dependence with the
complex θ3 angle, and we have found that the predictions for all rates are nearly constant with
this angle. For instance, for tan β = 50, M0 = 400 GeV, M1/2 = 300 GeV, A0 = 0 and sign(µ) >
120 LFV in leptonic τ , µ and Higgs decays






























Figure 2.29: Dependence of LFV τ and µ decays lj → 3 li on |θ1| with hierarchical heavy
neutrinos and complex R, for arg θ1 = 0, π/10, π/8, π/6, π/4 in radians (lower to upper lines),
(mN1 ,mN2 ,mN3) = (10
8, 2× 108, 1014) GeV, θ2 = θ3 = 0, tanβ = 50, M0 = 400 GeV, M1/2 =
300 GeV and A0 = 0. The horizontal lines are the corresponding upper experimental bounds
of each channel. At present these bounds have been improved as summarised in Table 2.3.
0, we get BR(τ → 3µ) = 2.6×10−10, BR(τ → 3e) = 8.8×10−15 and BR(µ→ 3e) = 1.8×10−14.
The dependence of BR(τ → 3µ) and BR(τ → µγ) on the SUSY parameters M0 and M1/2 is
illustrated in Fig. 2.31. We see a similar behaviour as in the degenerate case, where a suppresion
of the branching ratios occurs for large values of M0 and/or M1/2. Whereas the ratios for
BR(τ → 3µ) enter in to the allowed region by the experimental bound for large enough M0
and/or M1/2, the ratios for B(τ → µγ) are well above their bound for all M0 and M1/2 values
explored. The main point again is the particular value of θ2 with large |θ2| and large arg θ2,
which generates large rates.
With the purpose of exploring other choices of the SUSY parameters, we have also generated
results for the specific value A0 = −100 and found very close predictions to the A0 = 0 case,
the lines in the plots being nearly undistinguisable respect to this case. We have also run the
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Figure 2.30: Dependence of LFV τ and µ decays on |θ1| with hierarchical heavy neutri-
nos and complex R, for arg θ1 = 0, π/10, π/8, π/6, π/4 in radians (lower to upper lines),
(mN1 ,mN2 ,mN3) = (10
8, 2 × 108, 1014) GeV, θ2 = θ3 = 0, tanβ = 50, M0 = 250 GeV,
M1/2 = 150 GeV and A0 = 0. The horizontal lines are the corresponding upper experimental
bound of each channel. At present these bounds have been improved as summarised in Table 2.3.
alternative case of sign(µ) < 0, and found again very close predictions to the sign(µ) > 0 case,
with the lines in the plots being undistinguisable from this case.
Finally, we have also tried another input values for the heavy neutrino masses. The results
for BR(τ → 3µ) are shown in Fig. 2.32. Here we compare the predictions for the three following
set of values, (mN1 ,mN2 ,mN3) = (10
8, 2×108, 1014) GeV, (1010, 2×1010, 1014) GeV and (108, 2×
108, 1012) GeV. We conclude that the relevant mass is the heaviest one, mN3, and the scaling
with this mass is approximately as the scaling with the common mass mN in the degenerate
case. Because of this, the rates for the two first sets are nearly undistinguisable, and the rates
for the third set are about four orders of magnitude below.
In summary, we obtain in the hierachical case much larger rates than in the degenerate one,
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Figure 2.32: Dependence of LFV τ → 3µ on |θ2| with hierarchical heavy neutrinos, for different
mNi choices. Solid line is for (mN1 ,mN2 ,mN3) = (10
8, 2 × 108, 1014) GeV, dashed line is
for (mN1 ,mN2 ,mN3) = (10
10, 2 × 1010, 1014) GeV, and dotted line is for (mN1 ,mN2 ,mN3) =
(108, 2× 108, 1012) GeV. The rest of parameters are set to tanβ = 50, M0 = 200 GeV, M1/2 =
100 GeV, A0 = 0, sign(µ) > 0 and arg(θ2) = π/4. The horizontal line is the experimental bound
of τ → 3µ. At present this bound has been improved as summarised in Table 2.3.
conflict with the experimental bounds. More specifically, the choice of a complex R matrix
with large modules and/or large arguments of θ1 and/or θ2 and a light SUSY spectrum is very
constrained by data. We also confirm that the experimental upper bounds of the processes
lj → li γ are more restrictive than the lj → 3 li ones but all together will allow to extract large
excluded regions of the CMSSM-seesaw parameter space.
2.3.3 Sensitivity to θ13
We have also investigated, as in Section 2.1.3 for lj → li γ decays, how sensitive to θ13 the
BR(lj → 3 li) are and we have found that these ratios present a similar behaviour with θ13 as
their corresponding correlated LFV radiative decays.
In Fig. 2.33 we plot the branching ratios of µ→ 3 e and τ → 3 e decays as a function of θ13,
which we vary in the range [0◦, 10◦]. We also display, for comparison, the lines associated with
the present experimental bounds and future sensitivities. In each case, we consider as input the

























































Figure 2.33: BR(µ→ 3 e) and BR(τ → 3 e) as a function of θ13 (in degrees), for SPS 1a (dots),
1b (crosses), 2 (asterisks), 3 (triangles), 4 (circles) and 5 (times). A dashed (dotted) horizontal
line denotes the present experimental bound (future sensitivity).
six SPS points, and take θi = 0, so there is no flavour mixing arising from the right-handed
neutrino sector. Regarding the neutrino masses, we have assumed mν1 = 10
−5 eV, while the
masses of the heavy right-handed are set here to mN = (10
10, 1011, 1014) GeV.
One can infer from Fig. 2.33 that both µ → 3 e and τ → 3 e channels display a strong
dependence on θ13, as their correlated µ → e γ and τ → e γ decays. The observed qualitative
behaviour with respect to θ13 can also be easily understood from Eq. (1.85). Regarding the
τ → 3µ channel, the corresponding branching ratios do not exhibit any noticeable dependence
on θ13, as expected from τ → µγ results in Section 2.1.3. For the case R = 1, and taking for
example θ13 = 5
◦, these BRs are presented in Table 2.4.
BR SPS 1a SPS 1b SPS 2 SPS 3 SPS 4 SPS 5
τ → 3µ 9.4× 10−12 1.8 × 10−11 4.1× 10−13 5.9 × 10−13 2.2× 10−10 4.3× 10−14
Table 2.4: Predictions for the BR(τ → 3µ) corresponding to the SPS points. The values of mNi
and mν1 are as specified in Fig. 2.33. In each case, the predicted values should be compared
with the present bound (future prospect) BR(τ → 3µ) < 3.2× 10−8 (10−8).
The main conclusion to be inferred from Figs. 2.33 and Table 2.4 is that, for the assumed
value of mν1, and for the chosen seesaw scenario (which is specified by θi and mNi), µ→ 3 e is
the decay whose BRs are within the reach of present experiments, thus potentially allowing to
constrain the values of θ13. In fact, if we do a similar analysis as for BR(µ→ e γ) in Section 2.1.3,
BR(µ→ 3 e) would exclude θ13 values above 1◦, 3◦ and 4◦ for SPS 4, 1a and 1b, respectively.

















 GeV, mN2 = 10
11
 GeV
MSUSY = 250 GeV
θ2 = 2.9e
ipi/4
, δ1 = -2.4, δ2 = 0-0.2
Full (γ, Z, Higgs, boxes) (50, 1014)
Approx. (50, 1014)


















 GeV, mN2 = 10
11
 GeV
MSUSY = 750 GeV
θ2 = 2.9e
ipi/4
, δ1 = -2.4, δ2 = 0-0.2
Full (γ, Z, Higgs, boxes) (50, 1014)
Approx. (50, 1014)
Higgs (tanβ, mN3(GeV)) = (50, 10
14)
Figure 2.34: Comparison between the full and approximate results for τ → 3µ as a function
of mA0 in the NUHM scenario, for MSUSY = M0 = M1/2 = 250 GeV (left panel) and for
MSUSY = M0 = M1/2 = 750 GeV (right panel). The dashed horizontal line is the present
experimental upper bound [69].
2.3.4 lj → 3 li in NUHM-seesaw scenarios
As we have already explained, the NUHM-seesaw scenarios possess the interesting peculiarity of
a light Higgs sector. In the NUHM scenarios that are considered here with small Higgs masses,
one may guess that the Higgs-mediated contribution could dominate the rates at large tan β,
but it is not so as will be shown next. By using the tau-muon-Higgs form factors in Eq. 2.14
and plugging it into the exact formula for the Higgs contribution [102], we get in the large tan β
limit






















∣∣∣∣2 (tan β)6 (2.39)








which is in good agreement with the original result in [53] and also with posterior estimates [71,
203]. The comparison between the full (i.e. including one-loop SUSY diagrams mediated by γ,
Z, h0, H0, A0 and box diagrams which are taken from [102]) and the approximate numerical
results for this channel is shown in Fig. 2.34. We see that the formula in Eq. (2.40) predicts
rates that are about a factor of 2 larger than the exact Higgs-mediated contribution. Therefore,
for large tanβ values, it provides a good estimate of the Higgs contribution. However, the total
rates are much larger than the Higgs contribution, since the photon-mediated diagrams give by
far the dominant contribution in this channel. For instance, we see in Fig. 2.34 that the total
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and Higgs rates differ in about two orders of magnitude forMSUSY ∼ 250 GeV and in more than
a factor 5 for MSUSY ∼ 750 GeV. It is remarkable that, in this channel, the photon dominance
holds largely even in scenarios with very heavy SUSY spectra, as for MSUSY ∼ 750 GeV, and
Higgs bosons as light as mH = 160 GeV. Therefore, the total rates for this channel can be better
approximated by the simplified formula of the photon-mediated contribution of Eq. 2.38,











= 2.3× 10−3 BR(τ → µγ)








where the last line has been obtained by using the result of BR(τ → µγ) in the MI approximation
for equal SUSY mass scales and in the large tanβ limit. It is also interesting to compare this
estimate with the present experimental upper bound for this channel summarised in Table 2.3.
We see in Fig. 2.34 that, for the chosen parameters in this plot, the predicted rates are above
the present experimental bound for MSUSY < 300 GeV.
2.3.5 Summary
We have shown in this section that the LFV τ and µ decays do provide a very efficient tool to
look for indirect SUSY signals.
With the motivation in mind of testing SUSY we have studied exhaustively the particular
decays τ → 3µ, τ → 3e and µ → 3e, and the correlated radiative decays τ → µγ, τ → eγ and
µ→ eγ. All of these channels have quite challenging experimental bounds and they are expected
to improve in the future . We have explored the dependence of the branching ratios for these
LFV processes with the various parameters involved, namely, the SUSY and seesaw parameters.
We have computed and analyzed in full detail all the contributions from the SUSY-loops to the
lj → 3 li decays. Our analytical results for these decays correct and complete previous results in
the literature. In particular we have presented the results for the separate contributions from
the γ-penguin, the Z-penguin, the Higgs-penguin and the box diagrams and shown explicitely
the γ-penguin dominance. In the numerical estimates we have presented results for both the
lj → 3 li and the correlated radiative decays lj → li γ.
For the degenerate heavy neutrinos case, we have got rates for all the studied LFV τ and µ
decays that are below the present experimental upper bounds. The largest rates we get, within
the explored range of the seesaw and SUSY parameter space, are for the τ decays. Specifically,
BR(τ → µγ) ∼ 10−8 and BR(τ → 3µ) ∼ 3 × 10−11, corresponding to the extreme values of
tan β = 50 and mN = 10
14 GeV and for the lowest explored values of M0 and M1/2. The case
LFV decays into three leptons: lj → 3 li 127
of hierarchical heavy neutrinos turns out to be much more interesting.
We have analysed in detail the behaviour of the branching ratios with the SUSY and seesaw
parameters also in the hierarchical case. The largest ratios found are again for τ → µγ and
τ → 3µ decays. All the LFV τ and µ decay rates are mainly sensitive to tan β, the heaviest
neutrino mass mN3 , which we have set to mN3 = 10
14 GeV, and the complex angles in the
R matrix θ1 and θ2, which have been taken in the range 3 < tan β < 50, 0 < |θi| < 3 and
0 < arg θi < π/4. For the values of these parameters at the upper limit of this studied interval
we have found that some of the predicted branching ratios are clearly above the corresponding
experimental upper bounds. The most restrictive channels turn out µ → e γ, µ → 3 e and
τ → µγ. Therefore, we get in this region important restrictions on the posible values of the
SUSY and seesaw parameters. In particular, for θ2 = 2.8e
ipi/4, we get that the whole studied
range of 100GeV < M0,M1/2 < 800GeV with tanβ = 50 is totally excluded by τ → µγ. Values
of M0 and M1/2 in the low region below 250 GeV are also excluded by τ → 3µ data. The case
of θ1 is even more restrictive, because the predictions for µ→ e γ, µ→ 3 e and τ → µγ totally
exclude a light SUSY scenario, for practicaly all θ1 values.
Perhaps, the most striking result is that even for the most conservative choice of R = 1,
that is θ1 = θ2 = θ3 = 0, there are also important restrictions at low M0, M1/2 and large tan β
values. In particular, for tanβ = 50, values lower or equal than M0 = 250 GeV and M1/2 = 150
GeV are totally excluded by τ → µγ, µ→ e γ and µ− → 3 e data.
Finally, we have also studied the τ → 3µ decay in the NUHM-seesaw context and concluded
that, although the Higgs-mediated contributions can be increased in these scenarios by some
orders of magnitude, the photon dominance still holds largely even in scenarios with very heavy
SUSY spectra. Therefore, the total rates for this channel can be approximated by the formula
of the photon-mediated contribution.
Some approximate formulae valid at large tanβ and large MSUSY have been also presented,
which are useful for future comparison with data.
Chapter 3
LFV in semileptonic τ decays
In this chapter LFV semileptonic τ decay channels are studied, which are also of interest because
of the recently reported sensitivity by BELLE and BABAR collaborations [72–75] that are, for
some channels, already competitive with the LFV τ leptonic ones. We have focused our study
on the following semileptonic τ decays:
• τ → µPP with PP = π+π−, π0π0,K+K−,K0K¯0,
• τ → µP with P = π0, η0, η′0,
• τ → µV with V = ρ0, φ,
whose present upper experimental bounds (90% CL) are summarised in Table 3. As in the
previous chapters, we work here within the context of two types of constrained SUSY-seesaw
scenarios: the CMSSM-seesaw and the NUHM-seesaw. A full one-loop computation of the
branching ratios for these decays are presented and the importance of the various contributions,
the γ-, Z-, and Higgs bosons mediated ones are analysed. The hadronisation of quark bilinears is
performed within the chiral framework. We further present here a set of approximate formulae
for all the semileptonic channels which we believe can be useful for further comparison with
present and future data. A comparison with other works in the literature is also performed in
this chapter.
3.1 Theoretical framework for LFV semileptonic τ decays
In this section we describe the theoretical framework for the computation of the LFV semilep-
tonic τ decay rates. First we summarise the relevant parameters for the study of LFV in the τ -µ
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LFV semilep. τ decays BABAR Belle BABAR & Belle
BR(τ → µη) 1.5× 10−7 [74] 6.5× 10−8 [73] 5.1× 10−8 [68]
BR(τ → µη′) 1.4× 10−7 [74] 1.3× 10−7 [73] 5.3× 10−8 [68]
BR(τ → µπ) 1.1× 10−7 [74] 1.2× 10−7 [73] 5.8× 10−8 [68]
BR(τ → µρ) — 2.0× 10−7 [72] —
BR(τ → µφ) — 1.3× 10−7 [204] —
BR(τ → µπ+π−) — 4.8× 10−7 [72] —
BR(τ → µπ0π0) — — —
BR(τ → µK+K−) — 8.0× 10−7 [72] —
BR(τ → µK0K¯0) — — —
Table 3.1: Present upper bounds for LFV semileptonic τ decays.
sector, and later we present the main ingredients to perform the hadronisation of quark bilinears
within the context of Chiral Perturbation Theory (χPT) and Resonance Chiral Theory (RχT).
3.1.1 Relevant parameters for LFV semileptonic τ decays in SUSY-seesaw
scenarios
As we have said, we also choose to work here in two different constrained SUSY-seesaw scenarios:
the CMSSM-seesaw with similar input parameters as in mSUGRA models, and the NUHM-
seesaw scenario with two additional parameters defining the non-universal soft Higgs masses.
Both scenarios and their relevant parameters have been reviewed in Chapter 1. Besides, in order
to reduce the number of SUSY-seesaw input parameters we will set for the numerical estimates
in this chapter M0 =M1/2, sign(µ) > 0 and A0 = 0. Notice that the most important difference
with respect to the CMSSM case is that in these NUHM scenarios there can be light Higgs
masses even for large MSUSY values.
Concerning our choice for the size of the physical neutrino parameters, we shall focus in
this chapter on scenarios where both light and heavy neutrinos are hierarchical, and set the
numerical values for the light neutrino parameters to the values given in Section 1.1, which are
compatible with present data [10, 115–117]. We further set here θ13 = 0 and neglect mν1 .
In order to illustrate more quantitatively how important can be the size of the flavour mixing
between the stau and smuon sectors in the CMSSM-seesaw scenario, we recall our predictions
in Section 1.5 of the relevant mixing parameter for τ − µ transitions δ32 as a function of |θ2|
and mN3 in Figs. 1.3 and 1.4. This phenomenological parameter δ32 measures the amount of
flavour mixing between the second and third slepton generations in the left-handed sector (LL),
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which is by far the dominant one. The corresponding mixing in the right-handed slepton sector
is extremely suppressed by the smallness of the lepton masses which appear as global factors in
the definitions of those (RR and RL) mixings (see, for instance, [102]). We have checked that
|δ32| is practically independent on θ3 and the corresponding predictions with respect to θ1 are
very similar to those of θ2. Moreover, as we have also commented in Section 1.5, δ32 is not very
dependent on the values of tan β and mN1,2 . Therefore, for the rest of this chapter we will fix
the values of these two heavy neutrino masses to mN1,2 = 10
10, 1011 GeV. We will further set
θ1,3 = 0 and use θ2 and mN3 as input neutrino parameters.
3.1.2 Hadronisation of quark bilinear currents
Semileptonic decays of the tau lepton are a relatively clean scenario from the strong interaction
point of view. Hadrons in the final state stem from the hadronisation of quark bilinears, namely
ψ Γψ, where ψ is a vector in the SU(3)F flavour space and Γ is, in general, a matrix both in the
spinor and the flavour space.
An appropriate framework to handle the procedure of hadronisation is provided by the large-
NC expansion of SU(NC) QCD [205], being NC the number of colours. In short it stays that in
the NC →∞ limit any Green function is given by meromorphic expressions provided by the tree
level diagrams of a Lagrangian theory with an infinite spectrum of zero-width states. Though
we do not know how to implement fully this limit, a fruitful [206] if debatable [207] approach
lies in cutting the spectrum, keeping only the lightest multiplets of resonances. We will attach
to this tenet as a guiding principle.
A suitable tool to realise the 1/NC expansion is provided by chiral Lagrangians. In those
processes where hadron resonances do not play a dynamical role, χPT [208, 209] is the appropri-
ate scheme to describe the strong interaction of Goldstone bosons (π, K and η). This is the case,
for instance, of τ → µP (being P short for a pseudoscalar meson). When resonances participate
in the dynamics of the process, as in τ → µPP , it is necessary to include them as active degrees
of freedom into the Lagrangian as it is properly done in the RχT frame [210]. Hence we will
make use of RχT, that naturally includes χPT, to hadronise the relevant currents that appear
in the processes under study here.
We consider bilinear light quark operators coupled to external sources and added to the
massles QCD Lagrangian:
LQCD = L0QCD + q [γµ (vµ + γ5 aµ) − ( s − i p γ5)] q , (3.1)
where vector (vµ = vµi λ
i/2), axial-vector (aµ = aµi λ
i/2), scalar (s = siλ
i) and pseudoscalar
(p = piλ
i) fields are matrices in the flavour space, and L0QCD is the massless QCD Lagrangian1.
1The Gell-Mann matrices λi are normalised as 〈λiλj〉 = 2δij and the gluons are denoted here by Gµ.
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This Lagrangian density gives the QCD generating functional ZQCD [v, a, s, p] as
eiZQCD[v,a,s,p] =
∫




In order to construct the corresponding Lagrangian theory in terms of the lightest hadron
















































〈uµ uµ + χ+〉 , (3.5)
where
uµ = i[u
†(∂µ − irµ)u− u(∂µ − iℓµ)u†] ,
χ+ = u
†χu† + uχ†u , χ = 2B0(s+ ip) , (3.6)
and 〈. . .〉 is short for a trace in the flavour space. Interactions with electroweak bosons can be
accommodated through the vector vµ = (rµ + ℓµ)/2 and axial-vector aµ = (rµ − ℓµ)/2 external
fields. The scalar field s incorporates explicit chiral symmetry breaking through the quark masses
s =M+ ... and, finally, F ≃ Fpi ≃ 92.4 MeV is the pion decay constant and B0F 2 = −〈0|ψψ|0〉0
in the chiral limit. The chiral tensor χ provides masses to the Goldstone bosons through the
external scalar field, as can be seen in Eq. (3.6). Indeed in the isospin limit we have






 + .... . (3.7)
2Notice that though we include a U(3) nonet we are not relying on the U(3)L⊗U(3)R chiral Lagrangian [211]
on grounds of predictability, as the latter introduces unknown functions.
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Hence we identify










that will be useful when considering the Higgs contributions. The mass eigenstates η and η′ are






cos θ − sin θ






and we input3 a value of θ ≃ −18◦.
The hadronisation of a final state of two pseudoscalars is driven by vector and scalar res-
onances though the latter, because of their higher masses, play a lesser role and we will not
include them in the following. We will introduce the vector resonances in the antisymmetric
formalism; hence the nonet of resonance fields Vµν [210] is defined by analogy with Eq. (3.3)
with the same flavour structure. By demanding the chiral symmetry invariance the resonance
Lagrangian reads as


















and in the latter the subscript (2) indicates the chiral order of the tensor accompanying the
vector field. In Eq. (3.11) we have used the definitions








† + u†FµνR u ,
being FµνL,R the field strength tensors associated with the external right and left fields. The
couplings FV and GV are real.
Accordingly our RχT framework is provided by
LRχT = L(2)χ + LV , (3.13)
3The values of θ in the literature range between θ ∼ −12◦ up to θ ∼ −20◦ [212].
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With this identification we can already carry out the hadronisation of the bilinear quark currents
included in Eq. (3.1) by taking the appropriate partial derivatives, with respect to the external
auxiliary fields, of the functional action,










































































With these expressions we are able to hadronise the final states in τ → µPP and τ → µP
processes as we explain now.
γ contribution










V 8µ , (3.17)
where Qq is the electric charge of the q quark in units of the positron charge e. The electromag-
netic form factor is then defined as
〈P1(p1)P2(p2) |V emµ | 0 〉 = (p1 − p2)µ FP1P2V (s) , (3.18)
where FP1P2V (s) is steered by both I = 1 and I = 0 vector resonances, in particular the ρ(770)
that is the lightest of resonances. Due to the q2 = 0 pole of the photon propagator this is, by
far, the dominant contribution to this hadronic final state. Hence the result is more sensitive to
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the construction of this form factor. Accordingly we will elaborate a more complete expression
than the one provided by the vector current in Eq. (3.16) though it will reduce to this one in
the NC → ∞ limit, including only one multiplet of resonances and at q2 ≪ M2ρ . A proper
construction of FP1P2V (s) is given in Appendix D.
Z0 contribution

















q γµ γ5 T
(q)
3 q , (3.19)
with Q = diag(2,−1,−1)/3 and T (q)3 = diag(1,−1,−1)/2 the electric charge and weak hyper-
charges, respectively, g is the SU(2) gauge coupling and θW is the weak angle.
In order to proceed to the hadronisation of these currents one has to write the currents in
Eq. (3.19) in terms of V iµ and A
i































Notice that the vector current contributes to an even number of pseudoscalar mesons while the
axial-vector current provides 1, 3,... mesons.
Higgs bosons contribution
Hadronisation of scalar Higgs bosons like h0 and H0 into two pseudoscalar mesons proceeds
through the scalar current while the pseudoscalar A0 Higgs boson hadronises through the pseu-
doscalar current into one pseudoscalar meson. As Higgs bosons are rather massive the hadro-
nisation is not so sensitive to resonances as in the case of the photon contribution. Hence we
will not elaborate on scalar of pseudoscalar form factors (analogous to the vector case defined
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where Γ = −1 for J i ≡ Si, Γ = iγ5 for J i ≡ P i and the Si and P i currents are given in
Eq. (3.16).
3.2 Analytical results for LFV semileptonic τ decays
In this section we present the analytical results of the branching ratios for the LFV semileptonic
τ decays: τ → µPP , with PP = π+π− ,π0π0, K+K−, K0K¯0 and τ → µP , with P = π, η and
η′. The predictions for the τ → µρ0 and τ → µφ0 channels, which are related to τ → µπ+π−
and τ → µK+K−, µK0K¯0, respectively, will also be included.
In the previous related literature there are, to our knowledge, just a few theoretical com-
putations of some of these LFV semileptonic τ decays induced by SUSY-loops. In particular,
τ → µη was first computed in [54] within the context of the unconstrained MSSM and in the
approximation of large tanβ. A more refined analysis of this channel, τ → µη′, τ → µπ0, and
τ → µρ0 was done in [203] for the unconstrained MSSM scenario and large tan β approximation
as well, but they used an effective lagrangian framework for the LFV operators. An estimate of
τ → µη with the use of the MI approximation for the relevant lepton flavour mixing parameter
between the τ and µ sectors, δ32, has been performed in [179]. The decay mode τ → µK+K−
has been estimated in [213] within the MI and LLog approximations for δ32, and taking into
account only the Higgs-mediated contribution in the large tan β limit. In all these previous
works no connection with the neutrino sector was considered and the hadronisation of quark
bilinears in the final state is simply parameterised in terms of the proper meson decay constants
and meson masses.
Our analysis presented here is more complete in several aspects. First, we include both
Z-boson and A0-boson mediated contributions to τ → µP (P = η, η′, π0), and both γ and
H0, h0-bosons mediated contributions to τ → µK+K− and τ → µρ0. The other channels, τ →
µK0K¯0 and τ → µπ0π0 have not been estimated previously. We include γ and H0, h0-bosons
mediated contributions in τ → µK0K¯0. The case τ → µπ0π0 can only be mediated by H0, h0-
bosons. Second, we do not use either the MI nor the LLog approximation and our analytical
computation is valid for all tan β values. Third, we make a connection with neutrino physics
by requiring compatibility through all this work with the neutrino data for masses and mixing
angles. Fourth, we perform the hadronisation of quark bilinears with close attention to the chiral
constraints, guided by the RχT [210] that has proven to be a robust framework for the analyses
of hadrodynamics when resonances are involved. The γ amplitude, due to its pole at q2 = 0, is
most sensitive to the hadronisation procedure. Hence the hadronisation of the electromagnetic
current, that drives the γ contributions, has been carried out by a careful construction of the
vector form factor that matches both the chiral low-energy limit and the asymptotic smoothing



















Figure 3.1: Contributions to LFV semileptonic τ decays into one and two pseudoscalar mesons.
at high q2 [214]. Those final states driven by heavy intermediate bosons like the Z0 or Higgses,
on the other side, do not require such an involved scheme. In these cases we have used the
leading chiral approximation that we know, for sure, it has to be fulfilled by the hadronisation.
The advantage of our approach is that it provides the most successful description up to date of
the hadronic tau decays and it can be systematically improved by further developments of the
appropriate form factors, whether axial-vector, scalar or pseudoscalar cases.
3.2.1 Predictions for τ → µPP
The semileptonic τ → µPP channels can be mediated by a photon, a Z gauge boson and a
CP-even Higgs boson, h0 and H0. The various contributing diagrams are depicted in Fig. 3.1.
In these diagrams, the LFV vertex is represented by a black circle and the hadronic vertex by
a white box. The Z-mediated contribution is expected to be much smaller than the γ-mediated
contribution due to the O(1/m2Z) suppression factor in the amplitude from the Z propagator.
This has been shown to happen in the leptonic channels like τ → 3µ, where the Z-mediated
contribution to its branching ratio has been estimated to be a factor 10−3 − 10−5 smaller than
the γ-mediated contribution, for tan β = 5 − 50 [102]. Consequently, we have neglected here
the Z contribution to the τ → µPP decays. By using again this comparison with τ → 3µ, the
γ contribution to τ → µPP is expected to be the dominant one, and the h0 and H0-mediated
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contributions are expected to be relevant only at large tanβ. Therefore, we have included these
three γ, h0 and H0 contributions in the computation.
The total amplitude for the τ → µPP process can be written as
T = Tγ + TH , (3.22)
where Tγ and TH = Th0 + TH0 are the amplitudes of the γ-mediated and H-mediated contribu-
tions respectively. First we present the result of Tγ and TH in terms of the final state quarks,












































L,q [µPRτ ] [qPLq]
}
, (3.24)
where, k is the photon momentum, Qq the electric charge of the quark q in units of the positron
charge e, PL,R = (1∓γ5)/2, mτ is the τ lepton mass, and mh0, mH0 are the Higgs boson masses.
Notice that the momentum of the Higgs propagators has been neglected against the Higgs boson




































The three entries for the index (p) in the previous expressions and in the following ones cor-
respond to Hp = h
0,H0, A0, respectively. The angle α rotates, as usual, from the electroweak
neutral Higgs basis to the mass eigenstate basis.
The LFV form factors AL,R1,2 in Eq. (3.23) describe the effective γτµ vertex and get contri-
butions from the SUSY one-loop diagrams depicted in Fig. B.1. The full results for these form
factors can be found in Appendix B. Notice that we are presenting all the results in the physical
mass eigenstate basis for all the particles involved. Therefore the LFV is encoded in the physical
slepton and sneutrino masses and in the corresponding slepton and sneutrino rotation matri-
ces. The latter appear in the chargino-sneutrino-lepton and neutralino-slepton-lepton couplings.
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Similarly, the LFV form factors H
(p)
L,R in Eq. (3.24) describe the effective Hpτµ vertex and get
contributions from the SUSY one-loop diagrams shown in Fig. B.3. These set of diagrams where
computed in [101] and the results are collected in Appendix B. Again the LFV is encoded in
the slepton and sneutrino masses and in the rotation matrices.
The next step is to hadronise the quark bilinears appearing in Eqs. (3.23) and (3.24). For
this, we proceed as explained in Sec. 3.1.2. The quark bilinears in Tγ , [qγµq], are hadronised via
the electromagnetic current in Eq. (3.17) which, for the final state with two mesons P1(p1)P2(p2),
is then written in terms of the corresponding electromagnetic form factor, FP1P2V , by means of

























The expressions of the FP1P2V form factors for each of the final states, P1P2 =π
+π−, K+K− and
K0K¯0 are collected in Appendix D. Obviously, the π0π0 final state does not get photon-mediated
contributions since γ does not couple to π0π0. Hence we set F pi
0pi0
V = 0.
The quark bilinears in TH , [qPL,Rq], when hadronised in a final state of two mesons, get
contributions just from scalar currents, Si, but not from pseudoscalar currents, P i. Then, one
substitutes [qPL,Rq] by [(−1/2)(−qq)], where (−qq) is given in Eq. (3.21), and the relevant scalar














2 cos θ + sin θ
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K+K− + K0K¯0 − 2π+π− − π0π0 +
(
cos2 θ + 2
√

















2π+π− + 2K+K− + 2K0K¯0 + π0π0 + ηη
]
. (3.28)


















































































































R (PP ) = J
(p)∗
L (PP ) . (3.31)
Notice that in Eq. (3.31) we have already used the relations between the quark and the meson
masses of χPT given in Eq. (3.8).
Finally, we get the following result for the branching ratio:












|T |2 , (3.32)
where Γτ is the total τ decay width, and the coefficient κPP is 1 for PP = π
+π−,K+K−,K0K¯0






)2 − (λ1/2 (s,m2P ,m2P )∓ λ1/2 (m2τ , s,m2µ))2] ,
smin = 4m
2
P , smax = (mτ −mµ)2 , λ(x, y, z) = (x+ y − z)2 − 4xy . (3.33)





|T |2 = 1
8mτ
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g1(s) = h0 + h1 s + h2 s
2 + h3 s
3 ,
g2(s) = j1 s + j2 s
2 + j3 s
3 ,
g3(s) = k1 s + k2 s
2 , (3.35)
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3.2.2 Predictions for τ → µP
The semileptonic τ → µP channel can be mediated by a Z gauge boson and a CP-odd A0 Higgs
boson, as represented in Fig. 3.1. Both contributions are included here. The total amplitude for
this τ → µP decay can then be written as
T = TZ + TA0 , (3.38)
where TZ and TA0 are the Z and A
0 mediated amplitudes, respectively. As in the previous case,
these are first evaluated in terms of the final state quarks, that is for τ → µqq, and in terms of










































L = (−g/ cos θW )(T (q)3 −Qq sin2 θW ) and Z(q)R = (g/ cos θW )Qq sin2 θW are the Z cou-




R,q are the A
0 couplings to quarks, which are given by the
third entry in Eqs. (3.25) and (3.26).
The LFV form factors FL,R in Eq. (3.39) describe the effective Zτµ vertex and receive
contributions from the SUSY one-loop diagrams depicted in Fig. B.2. The results for these form
factors where found in [49] and corrected in [102]. We collect them in Appendix B. The LFV
form factors H
(A0)
L,R in Eq. (3.40) describe the effective A
0τµ vertex and, as in the previous Hτµ
vertices with H = h0,H0, receive contributions from the one-loop diagrams in Fig. B.3. The
corresponding results are collected in Appendix B.
The hadronisation of the quark bilinears in TZ proceeds by means of the vector and axial-
vector currents in Eq. (3.19), which in turn are written in terms of one P meson by means of
Eq. (3.20). This leads to



























2 sin θ − cos θ
)
. (3.43)
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The hadronisation into one pseudoscalar meson P of the quark bilinears in TA0 proceed via the
pseudoscalar currents P i. Concretely, P 0, P 3 and P 8, whose expressions in terms of one P
meson can be obtained from Eq. (3.16). This leads to:
P 3 = 2B0F π
0 ,
P 8 = 2B0F
(
cos θ η + sin θ η′
)
,
P 0 = 2B0F
(− sin θ η + cos θ η′ ) . (3.44)
Finally, by putting all together, we get the following result for the branching ratio:












|T |2 , (3.45)
where the λ(x, y, z) function is defined in Eq. (3.33) and again Γτ is the total decay width of









































































































































































R (P ) = B
(p)∗
L (P ) , (3.48)
where the σ
(p)
1,2 functions are defined in Eq. (3.26). Notice that in this Eq. (3.48) the relations
between the quark and meson masses of Eq. (3.8) have been used again.
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3.2.3 Predictions for τ → µρ and τ → µφ
The τ → µρ0 decay is related to the τ → µπ+π− channel since the ρ decay proceeds mainly to
π+π−. Indeed a ρ0 is not an asymptotic state: the experiment reconstructs its structure from
the two observed pions. In addition, from the chiral point of view, two pions in a J = I = 1
state are indistinguishable from a ρ. Therefore one has to define the branching ratio of τ → µρ0
in close relation to that of τ → µπ+π− as follows,
















where Tγ is defined in Eq. (3.27) and all functions and form factors involved are as those of












Similarly, the τ → µφ decay is related to the τ → µK+K− and τ → µK0K¯0 decays since the φ
decays proceeds mainly to K+K− and to K0K¯0. Therefore, we define































where again Tγ is defined in Eq. (3.27) and all functions and form factors involved are as those













In Eqs. (3.50,3.52), Γρ = Γρ(M
2
ρ ) and Γφ = Γφ(M
2
φ).
3.3 Numerical results and discussion
In this section we present the numerical results of the LFV semileptonic τ → µPP and τ → µP
decay rates within the constrained SUSY-seesaw scenarios described in Chapter 1. Since our
main goal is to explore if the predicted rates can or cannot reach the present experimental
sensitivities we will focus mainly on choices of the input parameter values that lead to large
δ32 and therefore to large LFV semileptonic τ decay rates. As we have seen in the Section 1.5,
















M0 = M1/2 (GeV)
mN = (1010, 1011, 1014) GeV
A0 = 0, tan β = 50, θi = 0
δ1 = δ2 = 0
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M0 = M1/2 (GeV)
mN = (1010, 1011, 1014) GeV
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Figure 3.2: BR(τ → µPP ) for PP = π+π−,K+K−,K0K¯0, π0π0 as a function of MSUSY =
M0 =M1/2 in the contrained MSSM-seesaw scenarios: CMSSM (left panel) and NUHM (right
panel).
within the scenario with hierarchical heavy neutrinos and for θ1,3 = 0, this means large values
of θ2 and large values of mN3 . On the other hand, since all these rates grow with tanβ, in the
following numerical analysis we will focus mainly on large tan β values. In the first subsection we
will present the numerical results, from our full computation of the LFV semileptonic tau decay
rates and will explore the dependence with the most relevant parameters in the constrained
SUSY-seesaw scenarios. In the second subsection we will include a comparison between our full
and some approximate results in the large tanβ region. Moreover, we will also analyse to what
extent the Higgs dominance hypothesis holds for these LFV semileptonic τ decays and compare
our predictions with other results in the literature. We will conclude this section by showing
that for some particular choices of the input parameters, the rates for some channels indeed
reach the present experimental sensitivity.
3.3.1 LFV semileptonic τ decay rates
Firstly, we present the results for the simplest case of θ2 = 0 and study the relative importance
of the various contributions to the decay rates that have been presented in the previous section.
Then we explore the increase in the rates for larger values of θ2. Since we are setting in the
whole numerical analysis A0 = 0 and sign(µ) = +1, the relevant SUSY parameter will be
MSUSY = M0 = M1/2. In the study of the behaviour of the rates with MSUSY we pay special
attention to the decoupling or non-decoupling behaviour of the SUSY particles at large MSUSY.
In Fig. 3.2 we display the prediction of BR(τ → µPP ), with PP = π+π−, K+K−, K0K¯0,
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Figure 3.3: Rates of the various contributions to BR(τ → µK+K−) (upper left panel), BR(τ →
µK0K¯0) (upper right panel), BR(τ → µπ+π−) (lower left panel) and BR(τ → µη) (lower right
panel) as a function of MSUSY =M0 =M1/2 in the NUHM scenario.
π0π0, as a function of MSUSY and for the particular choice of θi = 0 (i = 1, 2, 3). We consider
both CMSSM (left panel) and NUHM (right panel) scenarios. We set here tan β = 50 and our
“reference” values of mN1,2,3 = (10
10, 1011, 1014) GeV. For the NUHM case we set in addition
δ1 = −1.8 and δ2 = 0, which have been shown in [104] to lead to low Higgs boson mass
values. Concretely, for θi = 0 and 250 GeV < MSUSY < 900 GeV the predicted masses are
within the range 110 GeV < mA0 ,mH0 < 180 GeV, which are indeed very close to their present
experimental bounds.
The first obvious conclusion from Fig. 3.2 is that the rates of the different channels exhibit
the following hierarchy, BR(τ → µπ+π−) > BR(τ → µK+K−) & BR(τ → µK0K¯0)≫ BR(τ →
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µπ0π0). This hierarchy can be understood in terms of the dominant electromagnetic contribution
and the relative phase space suppression. We also see that the decoupling behaviour for large
MSUSY is clearly manifest in the universal case, where all the rates decrease as MSUSY grows.
In contrast, it turns out that, in the NUHM case, the decoupling behaviour is only manifest in
the τ → µπ+π− channel, whereas the τ → µK+K−, τ → µK0K¯0 and τ → µπ0π0 rates do not
decrease with MSUSY in the large MSUSY region. This behaviour can be better comprehended
by analysing separately the different contributions to these channels, as shown in Fig. 3.3.
The results displayed in Fig 3.3 for the τ → µπ+π− channel show the dominance of the
photon-mediated contribution in this case, which is in fact indistinguishable from the total rate in
this plot, for all the explored parameter values. The Higgs-mediated contribution is subdominant
by far due to the highly suppressed couplings of the Higgs to the light u and d quarks, which after
the hadronisation of the corresponding quark bilinears result in Hπ+π− couplings proportional
to m2pi (see Eq. (3.31)). This plot also exhibits the non-decoupling behaviour of the SUSY
particles in the Higgs-mediated contribution. The particular pattern of this contribution as a
function of MSUSY is a consequence of two facts. First, the well known constant behaviour
with MSUSY of the LFV Hτµ form factor at large MSUSY. Second, the encountered Higgs mass
behaviour withMSUSY, analysed in [104], which, for this choice of δ1,2 and for the studiedMSUSY
interval, first grows softly, reaches a maximum and then decreases softly.
The τ → µπ0π0 channel is only mediated by the Higgs bosons and a similar suppression of
Hπ0π0 couplings as in the Hπ+π− case occurs, leading to very low predicted rates. These low
rates and the non-decoupling behaviour of this channel can be clearly seen in Fig. 3.2.
The results for the τ → µK+K− channel that are depicted in Fig 3.3 are interesting because
the photon- and the Higgs-mediated contributions compete in this decay. In fact the Higgs-
mediated contribution can equalise, or even exceed that of the photon, dominating the total
rate in the large MSUSY region. Both photon- and Higgs-mediated contributions are similar
aroundMSUSY = 750 GeV. The reason for this larger Higgs contributions than in the previously
studied ππ case is because of the larger Higgs couplings to the strange quarks which result in
HKK couplings proportional to m2K (see Eq. (3.31)).
The results for the τ → µK0K¯0 channel in Fig 3.3 are very similar to those for τ → µK+K−.
One difference is the point where the Higgs-mediated contribution crosses the photon one, which
for τ → µK0K¯0 is around MSUSY = 700 GeV. Another interesting difference is that this rate is
always slightly smaller than τ → µK+K− due to the fact that the photon-mediated contribution
to τ → µK0K¯0 occurs just by the meson resonances, whereas the τ → µK+K− channel can
also be mediated via pure electromagnetic interaction. This difference is clearly summarised in




V form factors in Eq. (D.3) of Appendix D.
The predictions of BR(τ → µP ), with P being here a pseudoscalar meson π, η, η′ or a vector
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Figure 3.4: BR(τ → µP ) for P = ρ, π, η, η′ as a function of MSUSY = M0 = M1/2 in the
contrained MSSM-seesaw scenarios: CMSSM (left panel) and NUHM (right panel).
resonance ρ, φ, as a function of MSUSY are displayed in Fig. 3.4. We also consider CMSSM (left
panel) and NUHM (right panel) scenarios. In the universal case we find the following hierarchy,
BR(τ → µρ) > BR(τ → µφ) > BR(τ → µη′) & BR(τ → µη) > BR(τ → µπ). We obtain
again the expected decoupling behaviour for large MSUSY in this universal scenario, while in
the NUHM scenario the non-decoupling behaviour is clearly manifest for τ → µη, τ → µη′ and
τ → µπ. The τ → µρ rates in the NUHM scenario are the largest ones, except in the large
MSUSY region, where τ → µη and τ → µη′ rates exceed them. These two channels are by far
dominated by the Higgs-mediated contributions in the full MSUSY explored interval, as can be
seen for the η case in Fig 3.3. The reason for this Higgs dominance is because of the large Higgs
couplings to the strange components of the η and η′ mesons, which result in large A0 − η and
A0 − η′ “mixings” proportional to m2K as explicitely given in Eq. (3.48).
One of the most important outcomes from the previous analysis, corresponding to the θi = 0
choice, is that for both scenarios and for the chosen input parameters, the predicted rates for
both τ → µPP and τ → µP channels do no reach their corresponding experimental bounds,
and even in the best cases of τ → µπ+π− and τ → µρ they are still two orders of magnitude
below their present experimental sensitivities. In the following, we will therefore focus on larger
values of θ2.
In order to reach the larger rates as possible in the θi 6= 0 case, one needs to explore first
the optimal values of δ1 and δ2 which lead to light Higgs bosons. We have summarised the
predictions for the relevant Higgs boson mass, mA0 (and mH0), as a function of δ1,2 and MSUSY
in Figs. 1.14 and 1.15 for the extreme value of θ2 = 2.9e
ipi/4. The reason for this particular
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Figure 3.5: Predictions of BR(τ → µPP ) and BR(τ → µP ) as a function of MSUSY in the
NUHM scenario for a large τ − µ mixing driven by θ2 = 2.9eipi/4.
choice of θ2 is due to the fact that it leads to the maximum value of |δ32| which is compatible
with our hypothesis of perturbativity, as shown in Fig. 1.3 and discussed in Section 1.5. The
most interesting solutions with important phenomenological implications are found for negative
δ1 within the range (−3,−2) and very small and positive δ2, the choices selected in Figs. 1.14
and 1.15. From these figures it is clear that we are able to find values of mA0 and mH0 that are
significantly smaller than in the universal case (δ1 = δ2 = 0).
The corresponding predictions for θ2 = 2.9e
ipi/4 of the nine LFV semileptonic τ decays
studied in this chapter as a function of MSUSY are shown in Fig. 3.5. In this case, we work
with δ1 = −2.4 and δ2 = 0.2, that drive us to Higgs boson masses around 150 GeV even for
heavy SUSY spectra, as can be seen in Figs. 1.14 and 1.15. In this Fig. 3.5 we can see that,
compared to predictions in Figs. 3.2 and 3.4, the new choice of θ2 increase all the rates about
two orders of magnitude. All the rates exhibit the same hierarchy as in the previous plots, being
BR(τ → µπ+π−) and BR(τ → µρ) the largest ones. Indeed, the predictions of these two latter
channels reach their present experimental sensitivities at the low MSUSY region, below 200 GeV
and 250 GeV, respectively, for this particular choice of input parameters.
3.3.2 Comparison between the full and approximate results
It is interesting and useful to provide simple formulae which can approximate reasonably well
our full predictions. The most popular approximation when predicting LFV rates is to work
with expressions that are valid only in the large tanβ region. The justification for this is obvious
since all these LFV rates are known to grow with tanβ. It is specially important in scenarios
150 LFV in semileptonic τ decays
where the LFV rates are dominated by the Higgs mediated diagrams, since these latter grow
much faster with tanβ than the photon or Z boson mediated ones. Accordingly, we will pay
more attention to the semileptonic τ → µP and τ → µPP channels that can be dominated
by the Higgs bosons and whose present experimental sensitivities are the best ones. This leads
us mainly to the τ → µη and τ → µK+K− channels. The other approximation which is used
frequently in the literature, due to its simplicity, is the MI approximation, where the tau-muon
LFV is encoded in the dimesionless parameter δ32, already introduced in Section 1.5, and whose
expression in the LLog approximation is given in Eqs. (1.93) and (1.86).
We start by recalling the large tanβ limit of the tau-muon-Higgs form factors that are the
relevant ones for the LFV Higgs-mediated processes. The full one-loop Higgs form factors were
computed in [101] (see also [102]) and are collected in Appendix B. As we have said previously,





far the largest form factors in this limit, and one can safely neglect Hh
0
L . More specifically, by
using the MI approximation, their chargino and neutralino contributions in the large tanβ limit





















(1 − 3 tan2 θW ) δ32 tan2 β . (3.54)
One can further verify that Hc dominates Hn by about a factor 20, so that in the following we
will take HL ≃ HL,c.
On the other hand, we also consider the large tanβ limit of the functions that define the
Higgs couplings to one meson, B(P ) in Eq. (3.48), and to two mesons, J(PP ) in Eq. (3.31). It
leads to the following results:
B
(A0)
L (η) = −B(A
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L (π) = −B(A
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tan βm2pi . (3.55)
By using the above sequence of approximations and by neglecting the muon mass, we finally get
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the following simple results:




















BR(τ → µK+K−)Happrox =
1
128mτπ3
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where smax, smin, tmax and tmin are given in Eq. (3.33). The results for the other channels can be
similarly obtained by using the corresponding B(P ) or J(PP ) functions and the corresponding
meson masses (with an additional 1/2 factor in the case of BR(τ → µπ0π0) to account for
identical final state particles). We get








































In all the above approximate results of the LFV semileptonic tau decay rates we see explicitely
the strong dependence with both tan β and the corresponding Higgs boson mass, being (tan β)6
and (1/mH )
4, respectively, which are characteristic of the Higgs mediated processes.
Regarding the comparison with other works, first, we notice that our numerical prediction for
BR(τ → µη) in Eq. (3.56) does not agree with the original estimate in [54] that gives a decay rate
a factor 7 larger than ours. We believe that the discrepancy comes from our different approaches
to describe the hadronisation of quark bilinears. Our numerical result is closer to that in [203]
whose prediction is larger than ours in a factor of 2. Notice that the comparison with this latter
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Figure 3.6: Comparison between the predicted rates of BR(τ → µη) in the NUHM from our
full one-loop computation and from the approximate result of Eq. (3.56) as a function of tanβ
(left panel) and MSUSY =M0 =M1/2 (right panel).
work must be done by switching off the bottom-loop induced contributions and the higher order
loop-effects enhanced by tan β factors which were taken into account in [203] but we are not
including here. This means setting their ξq parameters to ξb = 0 and ξs = 1 in their formulae. We
believe that this small discrepancy is mainly due to the different approaches for hadronisation.
In particular, they neglect the mu,d masses whereas we are taking into account chiral symmetry
breaking effects via the explicit m2pi and m
2
K dependences, which are well determined in the χPT
approach. On the other hand, our prediction for BR(τ → µη′) is slightly above BR(τ → µη), due
basically to the larger Higgs coupling to η′, |BL(η′)(A0)| > |BL(η)(A0)|. The prediction in [203] of
BR(τ → µη′) is, however, a factor 100 smaller than ours. The prediction for BR(τ → µπ) here
and in [203] agree within a factor of 2. Finally, the prediction for BR(τ → µK+K−) in [213] is
larger than our result in about a factor 50.
The goodness of the above approximate result for τ → µη in Eq. (3.56) can be seen in
Fig. 3.6, where it is compared with the full result as a function of tanβ and MSUSY. It is clear
that, for tanβ values larger than about 30, the approximation is quite good, providing rates
that are at most a factor of 2 above the full predictions. Moreover, the behaviour with tan β of
the full result at this region is well described by the (tan β)6 behaviour of the approximate one.
Regarding the behaviour with MSUSY, we see again that the approximate and full results differ
by less than a factor of 2 and they both follow the same pattern. The displayed dependence
with MSUSY can be easily understood from the dependence of mA0 with this parameter, as it
was shown in Fig. 1.15. For the studied range in this plot, 250 < MSUSY (GeV) < 650, this
leads to a relatively small variation in the rates of about BRmax/BRmin ∼ 5.
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The Higgs dominance approach, however, is not so good for other LFV tau decay channels.
In particular, it is clearly not a good approximation for τ → 3µ because, as we have shown in
Section 2.3.4, there are other contributions from γ-mediated, Z-mediated and box diagrams that
enter into the full computation [49, 102], and, moreover, the photon-mediated diagrams give by
far the dominant contribution in this decay.
Similarly to the τ → 3µ channel, the semileptonic τ → µPP decays (with the exception of
τ → µπ0π0) are clearly dominated by the photon contribution and therefore they can be better
approximated by the corresponding simplified formulae of this contribution. By neglecting the
muon mass we have found the following approximate result:




















BR(τ → µγ). (3.63)
And from this we get
BR(τ → µπ+π−)γapprox = 2.5× 10−3 BR(τ → µγ)








BR(τ → µK+K−)γapprox = 2.0× 10−4 BR(τ → µγ)








BR(τ → µK0K¯0)γapprox = 1.2× 10−4 BR(τ → µγ)








BR(τ → µρ)γapprox = 2.3× 10−3 BR(τ → µγ)








BR(τ → µφ)γapprox = 8.4× 10−5 BR(τ → µγ)








As can be clearly seen in Fig. 3.7 these results approach pretty well the full rates for most of
the MSUSY studied region. For BR(τ → µπ+π−), they are indeed indistinguishable in this plot.
It is only at very large MSUSY ≥ 750 GeV that the approximate result of BR(τ → µK+K−)
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Figure 3.7: Comparison between the full rates and the approximate results in the NUHM
scenario by considering just the photon-mediated contributions for τ → µπ+π− (left panel) and
τ → µK+K− (right panel) as a function of MSUSY =M0 =M1/2. The dashed horizontal lines
are the present experimental upper bounds [72].
separates slightly from the full result, due to the Higgs contribution which competes with the
photon one in this region.
For completeness and comparison, we also include here the predictions for the leading LFV
τ decay channel, τ → µγ. Fig. 3.8 displays the predictions of the full and approximate rates for
this τ → µγ channel. The full rates are taken from [102] and have been reported in Chapter 2,
and the approximate ones are given by the result of the MI approach in Eq. (2.6) [51, 179].
In this case, and for the chosen parameters in this plot, the approximate and the full results
agree to better than a factor 2. We have verified, however, that for other choices of δ1,2 the
difference between them can be larger. Regarding this difference, we emphasise that in using
the MI approach and LLog approximation one has to be carefull because they are known to fail
in some regions of the CMSSM parameter space. For instance, in [138], the departure of the MI
from the exact result is estimated to be up to 50% for |δ32| ∼ 1. In [103] it has been found that
the use of the MI and LLog for large trilinear couplings, A0 ∼ O (1 TeV), can fail in several
orders of magnitude.
The most evident conclusion from Fig. 3.8 is that for the chosen parameters in this plot
and for MSUSY < 1600 GeV, the τ → µγ rates are above the present experimental sensitivity,
therefore this tau decay channel is at present the most competitive one in setting bounds on the
τ − µ LFV. However, besides experimental issues, the limitation of this channel is that it is not
sensitive at all to the Higgs sector. In this sense, the semileptonic channels are more interesting,
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Figure 3.8: Comparison between the full one-loop prediction [49] and approximate results of
Eq. (2.6) for τ → µγ as a function of MSUSY = M0 = M1/2 in the NUHM scenario. The
horizontal line is the present experimental upper bound [68].
and can be clearly competitive in the large MSUSY ∼ O(1− 2TeV) region.
In Figs. 3.9 and 3.10 we plot finally the predictions for BR(τ → µK+K−) and BR(τ → µη) as
a function of one of the most relevant parameters for these Higgs-mediated processes which is the
corresponding Higgs boson mass. Firstly, we see again that the approximate and exact results
of the Higgs contribution agree within a factor of two for both channels, but the agreement of
the full result with respect to the Higgs contribution is clearly worse in the case of τ → µK+K−
than in τ → µη. In the latter, the agreement is quite good because the Z-mediated contribution
is negligible, and this holds for all MSUSY values in the studied interval, 250 GeV < MSUSY <
750 GeV . In the first, it is only for large MSUSY that the H-mediated contribution competes
with the γ-mediated one and the Higgs rates approach the total rates. For instance, Fig. 3.9
shows that for MSUSY = 750 GeV and mH0 = 160 GeV the total rate is about a factor 2 above
the Higgs rate, but for mH0 = 240 GeV it is already more than a factor 5 above.
In these figures we have also explored larger values of mN3 and tan β, by using in those cases
the approximate formula, and in order to conclude about the values that predict rates comparable
to the present experimental sensitivity. We can conclude then that, at present, it is certainly
τ → µη the most competitive LFV semileptonic tau decay channel. The parameter values that
provide rates being comparable to the present sensitivities in this channel are tan β = 60 and
mN3 = 10
15 GeV which correspond to |δ32| ≃ 2. These large rates, however, should be taken
with care and be considered just as an order of magnitude estimate since, as we have explained in
Sec. 2.1, they correspond to neutrino Yukawa couplings which are clearly in the non-perturbative
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Figure 3.9: Predictions for BR(τ → muK+K−) as a function of mH0 in the NUHM scenario. A
comparison between the full one-loop computation and the approximation given by Eq. (3.57)
for various choices of large tanβ and mN3 is included. The horizontal line is the present
experimental upper bound [72].
regime. This is why we do not provide the corresponding full rates for them.
3.4 Summary
In this chapter we have presented a complete one-loop computation of the branching ratios for
the LFV semileptonic τ decays within the context of two constrained SUSY-seesaw scenarios,
the CMSSM-seesaw and the NUHM-seesaw. We have included both analytical and numerical
results for the particular channels: τ → µPP , with PP = π+π−, π0π0,K+K−,K0K¯0; τ → µP
with P = π, η, η′; and τ → µρ, τ → µφ. The analysis of the channels τ → µPP , with
PP = π+π−, π0π0,K0K¯0, and τ → µρ, τ → µφ are, to our knowledge, the first ones in the
literature within the CMSSM-seesaw context. In addition, we have compared our predictions
for τ → µK+K− and for τ → µP with P = π, η, η′ with previous predictions in the literature
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Figure 3.10: Predictions for BR(τ → µη) as a function of mA0 in the NUHM scenario. A
comparison between the full one-loop computation and the approximation given by Eq. (3.57)
for various choices of large tanβ and mN3 is included. The horizontal line is the present
experimental upper bound [68].
The results for τ → µπ+π− demonstrate that this channel is clearly dominated by the
photon-mediated contribution in all the studied region of 100 GeV < MSUSY < 1000 GeV. In
fact it is by far the τ → µPP channel with the highest rates, reaching values close to its present
experimental bound at 4.8 × 10−7 for some input parameter values. Concretely, it happens for
low MSUSY ∼ 100 − 200 GeV, large tan β ∼ 50 − 60, large mN3 ∼ 1014 − 1015 GeV and large
arg θ2 ∼ π/4 − π/2 (these two latter parameters producing a large δ32 ∼ O(1)). In contrast,
τ → µπ0π0 can only be mediated by h0 and H0 Higgs bosons and their rates are very small.
Besides, they can not be compared to data, since there is no bound in this channel. The cases
of τ → µK+K− and τ → µK0K¯0 decays are much more interesting. In these two channels,
the photon-mediated contribution dominates in most of the studied region of MSUSY, except at
large MSUSY > 750 GeV values, where the Higgs-mediated and the γ-mediated contributions
can compete. This competition happens in specific constrained scenarios of NUHM type with
low mH0 ∼ 100 − 200 GeV values and very heavy SUSY spectrum with MSUSY > 750 GeV.
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This peculiar MSSM spectrum and the fact that Higgs bosons couple stronger to K+K− (and
K0K¯0) than to π+π− (and π0π0) is the reason why the H- and γ-mediated contributions can
compete in τ → µK+K− but not in τ → µπ+π−. Furthermore, due to the fact that the photon
diagram still dominates BR(τ → µK+K−) in a large region of the parameter space with 100 GeV
< MSUSY < 750 GeV, the involved hadronic form factors do play a crutial role in the final rates.
Consequently, our results for this channel are in disagreement with those of [213] where they
only included the Higgs-mediated contribution. We have also shown that the largest predicted
rates for BR(τ → µK+K−) are, as in τ → µπ+π−, at the region with low MSUSY ∼ 100 − 200
GeV, large tanβ ∼ 50− 60, large mN3 ∼ 1014 − 1015 GeV and large arg θ2 ∼ π/4− π/2 values.
However, the predicted rates do not reach yet the present experimental sensitivity, which in this
channel is at 8× 10−7.
The results for τ → µη and τ → µη′ demonstrate that these two channels are largely
dominated by the A0-mediated contribution and their predicted rates are very competitive in the
case of NUHM scenarios with low mA0 ∼ 100−200 GeV values and large tanβ ∼ 50−60. This is
in qualitative agreement with previous estimates in the literature. However, we have found some
important numerical discrepancies with respect to the estimate in [54]. Concretely, the predicted
rates in the present work are smaller than those in [54] by a factor of about 7. We believe that
these discrepancies are due to the different procedures of quark bilinear hadronisation. We claim
that our results which are based on the well defined and more refined hadronisation prescription
by χPT provide a better estimate. The rates for BR(τ → µη) have also been compared with
those in [179, 203] which are within the different context of non-constrained MSSM and with
input δ32 not being connected to neutrino physics nor seesaw mechanism. We have checked,
that the predicted rates are in reasonable agreement with these two works for, δ32 ∼ O(1) ,
which in our case is reached by input seesaw parameters of mN3 ∼ 1014 − 1015 GeV and large
arg θ2 ∼ π/4− π/2.
In addition, we have presented in this chapter a set of useful approximate formulae for all
the semileptonic τ decays that we have compared with the full-one loop results and concluded
that they give reasonable good estimates, say differing in less than a factor of two respect to the
full result. We have also compared these results to those for the leptonic channel, τ → 3µ, and
the radiative decay, τ → µγ.
Chapter 4
µ− e conversion in nuclei
In this chapter we will focus on µ − e conversion in nuclei, and work again in the context
of the CMSSM-seesaw and the NUHM-seesaw scenarios. At present, the most relevant µ − e
flavour violating processes are µ → eγ, µ → 3e and µ − e conversion in nuclei. The current
experimental bounds on the muon decays have been collected in Tables 2.1 and 2.3 and set
to BR(µ → eγ) < 1.2 × 10−11 [58] and BR(µ → 3e) < 1.0 × 10−12 [59]. Regarding µ − e
conversion in heavy nuclei, the most stringent constraints at present arise for Titanium and
Gold, respectively with CR(µ − e, Ti)< 4.3 × 10−12 [60] and CR(µ − e, Au)< 7 × 10−13 [61].
In the future, one expects significant improvements in the sensitivities to these LFV rates. For
instance, MEG aims at reaching a sensitivity for µ → eγ of 10−13 [62] in the very near future,
which could further be improved to 10−14 in the next 4-5 years [63]. Although the situation
for BR(µ → 3e) is less certain, one does not expect the sensitivities to be better than 10−13 −
10−14 [63]. Undoubtedly, the most challenging prospects concern the experimental sensitivities
to µ−e conversion in Titanium nuclei. The dedicated J-PARC experiment PRISM/PRIME has
announced a remarkable improvement, albeit in a further future, of 10−18 [64].
4.1 Analytical results for µ− e conversion
In this section we report the analytical results for the µ − e conversion rates in terms of the
parameters introduced in Chapter 1. We emphasise again that all the results are obtained in
terms of physical mass eigenstates (with full propagators) for all MSSM particles entering in
the computation, namely, charginos χ˜−A(A = 1, 2), neutralinos χ˜
0
A(A = 1, ..., 4), charged sleptons
l˜−X(X = 1, ..., 6), sneutrinos ν˜
−
X(X = 1, 2, 3) and the neutral Higgs bosons, h
0 and H0.
For the presentation of the results we closely follow the general parameterisation (and ap-
proximations) of [52]. One starts with the most general effective Lagrangian for four-fermion
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Figure 4.1: Photon-, Z-, H-penguin and box diagrams contributing to µ−e conversion in nuclei.


















whereGF is the Fermi coupling. Notice that only scalar (S) and vector (V ) effective operators do
contribute, with couplings given by gLS(q), gRS(q) and gLV (q), gRV (q) (respectively left and right,
in both cases). This effective Lagrangian at the quark level is then converted into an effective
Lagrangian at the nucleon level, by means of the appropriate nucleon form factors [215–217].
In the limit of negligible momentum dependence of the nucleon form factors, (a reasonable
approximation given the small momentum transfer in the µ − e process), the quark matrix
elements can be simply replaced by the nucleon matrix elements as follows
〈p| q¯ ΓK q |p〉 = G(q,p)K p¯ΓK p ,
〈n| q¯ ΓK q |n〉 = G(q,n)K n¯ΓK n , (4.2)
























S = 2.5 . (4.3)
The conversion rates are then predicted in terms of the relevant isoscalar, g
(0)
XK , and isovector
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couplings, g
(1)





























Further working under the approximation of equal proton and neutron densities in the nu-
cleus, and of a non-relativistic muon wave function for the 1 s state, the final formula for the
µ− e conversion rate, relative to the the muon capture rate, can be finally written as










{∣∣∣(Z +N)(g(0)LV + g(0)LS)+ (Z −N)(g(1)LV + g(1)LS)∣∣∣2+∣∣∣(Z +N)(g(0)RV + g(0)RS)+ (Z −N)(g(1)RV + g(1)RS)∣∣∣2} 1Γcapt , (4.5)
where Z and N are the number of protons and neutrons in the nucleus, while Zeff is an effective
atomic charge, obtained by averaging the muon wave function over the nuclear density [219]. Fp
is the nuclear matrix element and Γcapt denotes the total muon capture rate. The other quantities
in the above formula correspond to the muon mass, mµ, the momentum and energy of the
electron, pe and Ee (which are set to mµ in the numerical evaluation), and the electromagnetic
coupling constant, α.
We have computed the full set of one-loop diagrams contributing to the quantity CR(µ −
e,Nucleus): γ-penguins, Z- and Higgs-boson penguins and box diagrams. These are schemat-
ically drawn at the quark level in Fig. 4.1, and receive contributions from several diagrams,
mediated by SUSY particles, which are collected in Appendix B. The analytical results of the
computation are summarised in terms of the contributions of these diagrams to the vector and
scalar couplings,
gLV (q) = g
γ
LV (q) + g
Z







LV (q) . (4.6)
In the above, the photon couplings gγLX(q), the Z-boson couplings g
Z
LX(q), the H-boson couplings
gHLS(q), and the couplings arising from the boxes g
B
LX(q) (with X = V, S) are respectively given































































Likewise, for the right-handed couplings we find








The explicit formulae for the form factors of the photon (A
(L,R)
(1,2) ), of the Z-boson (F(L,R)), of
the Higgs-boson (H
(p)
(L,R), where p = 1, 2, 3 corresponds to Hp = h
0,H0, A0), and of the box
diagrams (B
(n,c)(L,R)(V,S)





(L,R)q, etc., can be found in Appendix A.




R,q vanishes and therefore there are no contributions
from the CP-odd Higgs boson A0. This is a consequence of working in the approximation of
coherent µ − e conversion, in which case the initial and final nucleus state is the same, thus
leading to vanishing matrix elements for pseudoscalar currents like 〈Nucleus | q¯ γ5 q |Nucleus〉.
Also notice that from the values of the S
(p)
(L,R)q Higgs couplings, one can anticipate that in the
large tan β and small Higgs mass regime, the dominant Higgs contribution will be that of H0.
When compared to the results obtained in [49], our expressions coincide in the formulae
for the photon-penguins. Up to a global sign, the vector contributions from boxes also agree.
Discrepancies occur regarding the Z-penguins, and the differences can be read by comparing
our expressions in Eqs. (B.11) of Appendix B, with those of Eqs.(22-29) in [49]. As previously
mentioned, we have included in addition scalar contributions from boxes and Higgs-mediated
diagrams not considered in [49].
A connection between our results for the Higgs contributions and those reported in [55] can
be established in the large tanβ limit, writing the output in the MI approximation format.
Under these conditions, and considering the limit of a common mass for all SUSY particles
involved, which is much larger than the SM particle masses, Msoft ∼ µ ∼ MSUSY >> mW , one
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(1− 3 tan2 θW )
]
, (4.9)
where the first term arises from chargino mediated loops, while the second stems from neutralino
mediated contributions.
From the above, one can finally obtain a simple expression for theH0 contribution to the con-
version rate, which is clearly dominated by the strange quark coupling, due to the enhancement























tan β . (4.10)
Plugging this simplified result for the g
(0)
LS coupling into the approximate conversion rate for the
Higgs-dominated case,









{∣∣∣(Z +N) g(0)LS∣∣∣2} 1Γcapt , (4.11)
we obtain the expected tan6 β enhancement of the H0 contribution. Moreover, the dependence






, as well as the typical prefactor |δ21|2 accounting for the lepton
flavour changing effect are equally recovered. Within this approximation, and taking a specific
value of δ21 = 10
−3, allows to obtain an order-of-magnitude estimate for the conversion rate in
the case of Titanium nuclei,








in agreement with the estimate of [55].
Finally, it is worth mentioning that the heavy SUSY particles do not decouple in the Higgs
contributions to the µ− e conversion rates. This can be understood from the previous result of
H
(2)
L in Eq. (4.9), which is constant in the large MSUSY limit. This SUSY non-decoupling effect
has also been noticed in association to other Higgs-mediated LFV processes [53, 56, 101, 179,
203]. In particular we have emphasised in previous chapters that this non-decoupling behaviour
happens in the τ → 3µ and some LFV semileptonic τ decays.
4.2 Numerical results and discussion
In this section we present the numerical results of the µ − e conversion rates in nuclei within
the SUSY-seesaw context. We begin by addressing the CMSSM-seesaw, and then proceed to
164 µ− e conversion in nuclei
the NUHM-seesaw. In both scenarios, we consider the dependence of the theoretical predictions
for the conversion rates on the most relevant SUSY-seesaw parameters. In our discussion, we
will give a particular emphasis to the most significant differences between the CMSSM- and
NUHM-seesaw scenarios.
The numerical results presented in this section are mainly devoted to the particular case of
Titanium nuclei, given that one expects a notable improvement of future experimental sensitiv-
ities in that case [64]. However, some additional predictions for other nuclei are also included
here, for comparison. The case of Gold nuclei is of particular interest, since at present the most
stringent bound is that of CR(µ− e, Au) [61].
In what follows, we begin by presenting the predictions for the µ − e conversion rates in
Titanium nuclei within the CMSSM-seesaw.
4.2.1 Universality: CMSSM-seesaw
The numerical results of the CR(µ − e, Ti) within the CMSSM-seesaw scenario are displayed
in Figs. 4.2 through 4.5. The following discussion is focused on the most relevant parameters,
namely mNi , θ1,2,3, θ13, tanβ, M0 and M1/2.
In Fig. 4.2, we display the prediction of CR(µ − e, Ti) as a function of the heavy neutrino
masses for the various SPS points, and for the particular choice θi = 0 (i = 1, 2, 3) and θ13 = 5
◦.
We also consider the case of degenerate and hierarchical heavy neutrino spectra (respectively
left and right panels). In both scenarios for degenerate and hierarchical heavy neutrinos, we
find a strong dependence on the the heavy neutrino masses. We also see that the rates for the
various SPS points exhibit the following hierarchy, BR4 > BR1b & BR1a > BR3 & BR2 > BR5.
This behaviour can be understood in terms of the growth of the CRs with tan β, and from the
different mass spectra associated with each point.
In the case of degenerate heavy neutrinos, we find the expected fast growing behaviour of





, the predictions for the CR(µ− e, Ti) range vary over
ten orders of magnitude. We also see that, for the chosen input parameter values, the predicted
rates cross the experimental bound for the large mN region. In the latter, the Yukawa couplings
can be large (for instance, Y ν33 and Y
ν
32 can be O(1), while Y ν22 and Y ν21 can be of O(10−3)),
leading to excessively large rates, so that these large mN values are disfavoured by data. The
experimental bound is saturated for mN values ranging from 2 × 1013 GeV for SPS 4 up to
about 1015 GeV for SPS 5. In the case of hierarchical heavy neutrinos a similar behaviour of
the predicted rates is found with respect to the heaviest neutrino mass, mN3. We have also
checked that the conversion rates do not significantly depend on mN1 and mN2 , provided that
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Figure 4.2: CR(µ− e, Ti) as a function of the relevant heavy neutrino mass: mN (on the left)
and mN3 (on the right), respectively associated with the degenerate and hierarchical cases. The
predictions for SPS 1a (dots), 1b (crosses), 2 (asterisks), 3 (triangles), 4 (circles) and 5 (times)
are included. On the upper horizontal axis we display the associated value of (Yν)33. In each
case, we set θ13 = 5
◦, and consider the limit where θi = 0. A dashed (dotted) horizontal line
denotes the present experimental bound (future sensitivity).
their values are kept well below mN3 . With the planned future sensitivity of 10
−18 it will be
possible to reach into wider regions of the heavy neutrino spectrum. Heavy neutrino masses
above 1012 GeV can be probed for the several considered scenarios.
For most of the studied points, the previously illustrated dependence of the rates on the
heavy neutrino masses is in agreement with the expected behaviour |mN logmN |2 obtained in
the LLog approximation (as derived from Eq. (1.85)). However, a clear departure from this
approximation is found for some points, the most remarkable being the case of SPS 5. This
failure of the LLog approximation has been known to happen in some scenarios, for instance
those with either large A0, or low M0 and large M1/2 [103].
The predictions for CR(µ− e, Ti) as a function of the R-matrix angles, θ1,2,3, are displayed
in Fig. 4.3. In this case we have fixed the other relevant parameters as θ13 = 5
◦, mN = 10
13 GeV
and mNi = (10
10, 1011, 1013) GeV (degenerate and hierarchical heavy neutrinos, respectively)
and chosen SPS 1a. To fully explore the variation of the rates with the complex angles1 θi, we
1Complex θi may imply the presence of CP violation in the neutrino Yukawa couplings. In addition to affecting
the LFV rates, these phases will induce contributions to flavour-conserving CP violating observables, as is the
case of charged lepton electric dipole moments (EDMs). Throughout the present study we have verified that the
associated predictions for the charged lepton EDMs are in agreement with the current experimental bounds [10]
which have been summarised in Section 1.7.2.
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have scanned the intervals 0 < |θi| < π rad and 0 ≤ arg θi ≤ pi2 rad. From this figure we see that
the dependence on the three θi is very similar in the degenerate case, whereas the same does
not occur for hierarchical heavy neutrinos. In the former, the rates smoothly grow with both
modulus and argument, and are independent of θi in the real case. In the latter, the rates are
almost independent of θ3, and present a different minima pattern regarding θ1 and θ2. The deep
minima occuring in the real case are a consequence of the corresponding minima appearing in
the relevant elements of the Yukawa couplings (as given by Eq. (1.19)). Notice that the observed
behaviour of CR(µ− e, Ti) as a function of θi can be indeed easily understood from the simple
analytical expression obtained in the LLog approximation (cf. Eq. (1.85)).
The most important outcome from Fig. 4.3 is that for both cases of degenerate and hierar-
chical heavy neutrinos, complex values of θi can increase the µ − e conversion rates by almost
five orders of magnitude with respect to the θi = 0 case. Only for a few specific choices of θi (for
instance real θ1 or θ2, in the hierarchical case) can we observe a strong decrease with respect to
the θi = 0 case, but clearly this is not a generic situation.
In the following, and in order to simplify the analysis with respect to the other parameters,
we will set θi = 0, and assume that the corresponding predictions for the CR(µ − e, Ti) will
constitute a representative case for the lowest conversion rates.
In Fig. 4.4 we show the dependence of the µ−e conversion rates on the light neutrino mixing
angle θ13. The other parameters are set to mN = 10
14 GeV, mNi = (10
10, 1011, 1014) GeV,
(respectively for degenerate and hierarchical heavy neutrinos) and θi = 0. All the SPS points in
Table 1.2 have been considered. For degenerate heavy neutrinos, the dependence on θ13 is softer
than what is observed for the hierarchical case, leading to a variation in the rates of at most one
order of magnitude in the studied range of 0◦ ≤ θ13 ≤ 10◦ (the only exception being SPS 5, where
the variation can reach up to two orders of magnitude). In contrast, this figure clearly manifests
the very strong sensitivity of the CR(µ − e, Ti) to the θ13 mixing angle for hierarchical heavy
neutrinos. In the hierarchical case, a variation of θ13 in the studied interval leads to an increase
in the conversion rates by as much as five orders of magnitude. This huge variation is due to
the strong decrease of this observable for very small θ13 angles, as can be easily understood
from the dependence on this angle of the dominant (L33mN3
√
mν3c1c2s13) term in Eq. (1.85).
Furthermore, the minimum of CR(µ − e,Ti) is expected to occur at a vanishing mixing angle,
but this being the value at the seesaw scale, i.e., θ13(mM ) = 0. The deep minima in Fig. 4.4
are at θ13(mZ) ≃ 0.2◦, which is precisely the RGE shifted value at mZ from θ13(mM ) = 0. As
θ13 grows, the predictions for SPS 4, SPS 1a and SPS 1b cross the present experimental bound.
In particular, notice that for SPS 4, and for the present choice of input parameters, θ13 values
larger than 2◦ would be excluded by present data.
In the previous chapters we have reported on an equally remarkable sensitivity to θ13 in
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Figure 4.3: From top to bottom, CR(µ − e, Ti) as a function of |θi| (i = 1, 2, 3), for arg θi =
{0, π/8 , π/4 , 3π/8, π/2} (dots, crosses, asterisks, triangles and circles, respectively). Both |θi|
and arg θi are given in radians. On the left we consider degenerate heavy neutrinos (with mN =
1013 GeV), while on the right the hierarchical case is displayed (with mNi = (10
10, 1011, 1013)
GeV). In all cases we take θ13 = 5
◦, and set the CMSSM parameters to the SPS 1a case. A
dashed (dotted) horizontal line denotes the present experimental bound (future sensitivity).
other µ − e violating processes, like µ → eγ and µ → 3e, and also in tau decays as is the case
of τ → eγ and τ → 3e [103]. This interesting behaviour with θ13 was proposed by us in [103]





















































Figure 4.4: CR(µ − e, Ti) as a function of θ13 (in degrees), for SPS 1a (dots), 1b (crosses), 2
(asterisks), 3 (triangles), 4 (circles) and 5 (times). On the left we consider degenerate heavy
neutrinos (with mN = 10
14 GeV), while on the right the hierarchical case is displayed (with
mNi = (10
10, 1011, 1014) GeV). In both cases we choose θi = 0. A dashed (dotted) horizontal
line denotes the present experimental bound (future sensitivity).
as a powerful tool to test the seesaw-I hypothesis for neutrino mass generation and, in case of
a measurement of these branching ratios, as a unique way to derive some hints on the seesaw
parameters, especially on the value of mN3. The µ − e conversion rates here presented will
certainly add new interesting information on this type of analysis. Fig. 4.4 also shows that with
the expected future sensitivity of 10−18, the full 0◦ ≤ θ13 ≤ 10◦ interval can be thoroughly
covered.
In the following study we will restrict ourselves to the hierarchical case where we have found
this strong sensitivity to θ13. For definiteness, we will also fix the heavy neutrino masses and
θ13 to “reference” values of mNi = (10
10, 1011, 1014) GeV and θ13 = 5
◦.
Fig. 4.5 illustrates the predictions for the CR(µ−e, Ti) as a function of tanβ, M0 and M1/2.
Here we have separately displayed the various contributions to the µ−e conversion rates in order
to conclude about their relative importance in this CMSSM-seesaw scenario. We set the values
of the remaining CMSSM parameters to M0 = M1/2 = 250 GeV in the study with tanβ (left
panel) and to tan β = 30 in the study with MSUSY ≡ M0 = M1/2 (right panel), taking A0 = 0
in both cases. We choose our “reference” values of mN1,2,3 = (10
10, 1011, 1014) GeV, θ13 = 5
◦,
and θi = 0.
In both panels of Fig. 4.5 we clearly observe the dominance of the photon-mediated contri-
butions, which are in fact indistinguishable from the total CR, for all the explored parameter
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Figure 4.5: Contributions to CR(µ − e, Ti): total (dots), γ-penguins (diamonds), Z-penguins
(asterisks), H-penguins (crosses) and box diagrams (times). On the left we present the depen-
dence on tanβ, for M0 =M1/2 = 250 GeV and A0 = 0. On the right, we exhibit the evolution
as a function ofM0(=M1/2), for tanβ = 30 and A0 = 0. In either case, we consider hierarchical
heavy neutrinos with mNi = (10
10, 1011, 1014) GeV, and set θ13 = 5
◦, and θi = 0. A dashed
(dotted) horizontal line denotes the present experimental bound (future sensitivity).
ranges. The dependence of the various contributions on tan β illustrates the expected fast grow-
ing behaviour with tan6 β of the Higgs-mediated contributions, and the milder tan2 β dependence
of the photon-mediated ones. In addition, we see that the Z boson-mediated and the box di-
agram contributions are almost independent of tanβ. Although not displayed in this plot, we
have also verified that the Higgs-mediated contribution is largely dominated by the exchange of
H0, which is indeed the Higgs boson with enhanced couplings to charged leptons in the large
tan β regime.
The decoupling behaviour for large MSUSY of each of these contributions (CRγ , CRZ , CRH
and CRbox) is clearly manifested in the right panel of Fig. 4.5. The most important conclusion
from this figure is that, within a CMSSM-seesaw scenario, the γ-penguin diagrams completely
dominate the conversion rates, even for the largest tan β considered (tan β =50). Therefore, the
total CR(µ− e, Ti) does not manifest the Higgs contributions, so that in this universal scenario
there is no chance for the µ − e conversion process to provide any information on the Higgs
sector. We will see next that the situation is remarkably different in the non-universal case,
where the Higgs contributions turn out to be much larger than in the universal case.
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4.2.2 Non-universality: NUHM-seesaw
The numerical results for the NUHM-seesaw scenario are collected in Figs. 1.12 through 4.9.
In order to study the influence of the hypothesis of non-universal Higgs soft SUSY breaking
masses, MH1,2 , on the µ − e conversion rates, we have first explored the impact of the non-
universality parameters δ1 and δ2 on the predicted Higgs boson masses. The values for these
parameters have been taken to lie within the interval −2 ≤ δ1,2 ≤ 2. The predictions for the
relevant Higgs boson mass, mH0 , as a function of δ1,2 and MSUSY have been summarised in
Figs. 1.12 and 1.13. The other parameters are set to the values of mNi = (10
10, 1011, 1014) GeV,
θi = 0, A0 = 0, θ13 = 5
◦ and sign(µ) = +1. It is obvious that the most important difference with
respect to the CMSSM case is that in these NUHM scenarios there can be light Higgs masses
even for large MSUSY values.
In the following we present the predictions of the µ− e conversion rates in Titanium nuclei
within the NUHM-seeesaw scenario. First we display in Fig. 4.6 the CR(µ− e,Ti) as a function
of M0 = M1/2 = MSUSY and of A0 for the particular choice δ1 = −1.8 and δ2 = 0. In
order to illustrate the impact of the non-universality hypothesis on the conversion rates, we
have separately displayed in this plot the various contributions from the γ-, Z-, Higgs-mediated
penguins and box diagrams. We observe a very distinct behaviour with MSUSY of the Higgs-
mediated contributions when compared to what was found for the CMSSM (universal) case,
shown in Fig. 4.5. In fact, for the choice of input parameters in this plot, the Higgs-mediated
contribution can equal, or even exceed that of the photon, dominating the total conversion
rate in the large MSUSY region. Both photon- and Higgs-mediated contributions are similar
around MSUSY = 700 GeV. These larger Higgs contributions are the obvious consequence of the
lighter Higgs boson mass values encountered in this region, as previously illustrated in Figs. 1.12
and 1.13. The non-decoupling behaviour of the SUSY particles for the large MSUSY regime can
be seen in the Higgs contribution, and thus in the total rates for the Higgs-dominated case.
For completeness, we have also explored other choices of A0 and sign(µ). The case of
sign(µ) = −1, whose numerical results are not presented here, does not evidence any inter-
esting new feature. In fact, there is a much more reduced δ1, δ2 parameter space allowing for
the correct SU(2) × U(1) breaking. In addition, for sign(µ) = −1 we have not found solutions
displaying as small values of mH0 as in the case of sign(µ) = +1. The predicted Higgs con-
tributions to the conversion rates are correspondingly smaller, and therefore less interesting.
Regarding A0, the right panel in Fig. 4.6 shows that all the contributions are essentially inde-
pendent of the value of the universal trilinear coupling, so that our selected value, A0 = 0, is in
fact a good representative point.
Within the NUHM-seesaw scenario, we have also studied the µ− e conversion rates for other
nuclei. The case of Gold is particularly interesting since its present experimental bound of
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Figure 4.6: Contributions to CR(µ− e, Ti) as a function of M0(= M1/2) (left) and A0 (right):
total (dots), γ-penguins ( diamonds), Z-penguins (asterisks), H-penguins (crosses) and box
diagrams (times), for δ1 = −1.8 and δ2 = 0. We set tanβ = 50 and take θ13 = 5◦, θi = 0 and
mNi = (10
10, 1011, 1014) GeV. On the left A0 = 0, while on the right we choose M0(=M1/2) =
700 GeV. In each case, a dashed (dotted) horizontal line denotes the present experimental bound
(future sensitivity).
7 × 10−13 [61] is more stringent than the present bound for Titanium (4.3 × 10−12 [60]). In
Fig. 4.7 we display the predicted µ − e conversion rates for Al, Ti, Sr, Sb, Au and Pb, as a
function of MSUSY. We have chosen two light, two moderate and two heavy nuclei and we have
fixed the other parameters to those of the previously elected non-universality reference point
(with δ1 = −1.8 and δ2 = 0). For completeness, the values of the relevant parameters for these
nuclei, Zeff , Fp and Γcapture, have been collected in Table 4.1 and follow [220]. In this figure we
clearly see that throughout most of the explored MSUSY interval, the relative conversion rates
obey the hierarchy CR(µ−e, Sb) > CR(µ−e, Sr) > CR(µ−e, Ti) > CR(µ−e, Au) > CR(µ−e,
Pb) > CR(µ−e, Al), in agreement with the generic results in [220]. We do not find a significant
difference in the large MSUSY region, where the Higgs contribution dominates the ratios. The
predicted rates for Ti, Au and Pb tend to converge whereas the corresponding curve for Al
nuclei deviates slightly from the others at large MSUSY, but we do not consider these differences
among the predictions for the various nuclei to be relevant. The most important conclusion
from Fig. 4.7 concerns the fact that we have found predictions for Gold nuclei which, for the
input parameters in this plot, are clearly above its present experimental bound throughout the
explored MSUSY interval. However, it should be recalled that the formulae here used for these
estimates come from approximations that may not properly work for the case of very heavy
nuclei. These heavy nuclei deserve a more dedicated and refined study.
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Figure 4.7: µ − e conversion rates for various nuclei as a function of M0 = M1/2 in the
NUHM-seesaw. We display the theoretical predictions for Sb, Sr, Ti, Au, Pb and Al nu-
clei (diamonds, triangles, dots, asterisks, times and crosses, respectively). We have taken
mNi = (10
10, 1011, 1014) GeV, A0 = 0, tanβ = 50, θ13 = 5
◦ and θi = 0. The non-universality
parameters are set to δ1 = −1.8 and δ2 = 0. From top to bottom, the horizontal dashed lines
denote the present experimental bounds for CR(µ− e, Ti) and CR(µ− e, Au).
Before proceeding with our analysis, let us briefly mention that for the region investigated
in Fig. 4.7, the SUSY contributions to the anomalous magnetic moment of the muon, aµ =
(gµ − 2), range from aSUSYµ = 10−8 for MSUSY = 250 GeV to aSUSYµ = 10−9, in association with
MSUSY = 850 GeV. The latter values are in fair agreement with the observed excess in a
exp
µ when
compared to the SM prediction, which, at the 3.8 σ is given by aSUSYµ = a
exp
µ −aSMµ = 3.32×10−9
at 3.8σ (for a review, see for instance [141] and references therein).
To complete our study of the µ− e conversion rates in the NUHM-seesaw scenario we have
compared the theoretical predictions for the CR(µ − e, Ti) with those for the BR(µ → eγ).
We recall that both observables are sensitive to the same leptonic mixing given by the slepton
mass matrix entries connecting the first and the second generation. In the usual photon-penguin
dominated case, the latter two quantities are known to be highly correlated, and this is indeed
what occurred for the CMSSM-seesaw discussed in Section 4.2.1. In other seesaw scenarios, as
for instance, SUSY-GUT seesaw [221] or the inverse seesaw [222], this strong correlation still
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A
ZNucleus Zeff Fp Γcapt(GeV)
27
13Al 11.5 0.64 4.64079 × 10−19
48
22Ti 17.6 0.54 1.70422 × 10−18
80
38Sr 25.0 0.39 4.61842 × 10−18
121
51 Sb 29.0 0.32 6.71711 × 10−18
197
79 Au 33.5 0.16 8.59868 × 10−18
207
82 Pb 34.0 0.15 8.84868 × 10−18
Table 4.1: Values of Zeff , Fp and Γcapt for different nuclei, as taken from [220].
persists. However, for some scenarios where the photon-mediated diagrams are no longer the
dominant contributions to the conversion rates, the strong correlation between CR(µ − e,Ti)
and BR(µ→ eγ) can be lost. For instance, this loss of correlation has been found in the case of
Littlest Higgs Models, as recently pointed out in [223].
We have also found an interesting loss of correlation in the present case of the NUHM-
scenario, where, as previously discussed, the Higgs contributions can be the dominant ones. The
departure from the strongly correlated regime for (CR(µ − e, Ti), BR(µ → eγ)) is illustrated
in Fig. 4.8, considering several choices of the neutrino mixing angle θ13 = 10
◦, 5◦, 1◦, 0.2◦. For
all plots the predictions for (CR(µ− e, Ti), BR(µ→ eγ)) have been derived for several choices
of the non-universality parameter δ1, scanning over the following interval 250 GeV ≤MSUSY ≤
1000 GeV. In each of the panels, the predictions for (CR(µ−e, Ti), BR(µ→ eγ)) that correspond
to δ1 = δ2 = 0 fall upon a straight line, which strongly supports the correlated behaviour of the
two observables in this case. As MSUSY increases within the considered interval, (CR(µ− e, Ti),
BR(µ → eγ)) moves left and downwards along the straight line due to the obvious decrease of
the rate with MSUSY.
However a clear departure from the previous strongly correlated predictions is found for
other values of δ1, δ2. In particular, for the specific δ1 and δ2 values where, as previously shown,
the Higgs contributions dominate the µ − e conversion rates, the predicted (CR(µ − e, Ti),
BR(µ → eγ)) points exhibit a different behaviour, deviating from the straight line associated
with the universal case. The separation between the correlated and uncorrelated regimes is
maximal for the δ1 = −1.8, δ2 = 0 non-universal case, as can be clearly understood from our
previous results. We find this loss of correlation a very promising phenomenon that could be
fully explored if future sensitivities of 10−18 are reached.
Secondly, it is clear from Fig. 4.8 that even in the most pessimistic situation of very small
θ13, the theoretical predictions for CR(µ − e, Ti), and in particular the corresponding curved
line, are well above the horizontal line at 10−18. This is quite a challenging possibility, since
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Figure 4.8: CR(µ − e, Ti) versus BR(µ → eγ) for 250 GeV ≤ MSUSY ≤ 1000 GeV, and
δ1 = −1.8, −1.7, −1.6, 0 (crosses, triangles, asterisks, dots, respectively). We set δ2 = 0, and
take mNi = (10
10, 1011, 1014) GeV, A0 = 0, tanβ = 50 and θi = 0. From left to right and top to
bottom, the panels are associated with θ13 = 10
◦, 5◦, 1◦ and 0.2◦. In each case, the horizontal
and vertical dashed (dotted) lines denote the present experimental bounds (future sensitivities)
for CR(µ− e, Ti) and BR(µ→ eγ), respectively.
for those high values of MSUSY ∼ 850 GeV, whose predictions lie at the left end of the curved
and straight lines, the predicted BR(µ → eγ) is far below the planned 10−13 sensitivity. This
clearly reflects that µ− e in nuclei can be a very competitive process to study LFV within the
SUSY-seesaw.
Finally, and to summarise the most striking results for these NUHM-seesaw scenarios, we
plot in Fig. 4.9 the ratio of the two predicted rates, CR(µ− e, Ti)/BR(µ→ eγ) as a function of
mH0. Since both observables exhibit the same dependence on mNi , θi and θ13, the consideration
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Figure 4.9: Ratio CR(µ − e, Ti)/BR(µ → eγ) as a function of the Higgs mass, mH0 . We take
mNi = (10
10, 1011, 1014) GeV, A0 = 0, tanβ = 50, θ13 = 5
◦ and θi = 0, and scan over 250
GeV ≤ MSUSY ≤ 1000 GeV, −2 ≤ δ1 ≤ 0, and 0 ≤ δ2 ≤ 2 (grey dots). We have highlighted
specific choices of δ2 = 0, 0.1, 0.2, 1.1 (crosses, triangles, diamonds, dots, respectively). In each
tilted cluster, we have also indicated the values of δ1 associated with the δ2 coloured points.
The universality limit (δ1 = δ2 = 0) is denoted by a circle. Asterisks denote points with
MSUSY = 876 GeV and δ2 = 0.1.
of this ratio of rates allows to reduce the number of relevant parameters to tan β,MSUSY and δ1,2.
These last two are clearly the leading ones given that they drive the solutions to the interesting
low mH0 values. In this figure, and in order to maximise the Higgs contribution to the total
µ− e conversion rates we have again considered the extreme tan β = 50 value. For consistency,
we have set the remaining parameters to their reference values, but as we have said, they will
not play a relevant role in this study.
Leading to this scatter plot, we have scanned in the intervals −2 < δ1 < 0, 0 < δ2 < 2
and 250 GeV < MSUSY < 1000 GeV. The most important conclusion from this plot is that
the ratio CR(µ − e, Ti)/BR(µ → eγ) can deviate from the constant prediction of 5 × 10−3 of
the universality case by as much as a factor of almost 10. For the scan here conducted, the
maximum value of this ratio of rates is found for δ1 = −1.7, δ2 = 0.1 and MSUSY = 876 GeV,
and its size is 0.04.
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Considering larger values of MSUSY and identical intervals for δ1,2 leads to somewhat similar
results: one finds the same pattern of clusters departing from the constant value of the universal
case, but the maximum value of CR(µ− e, Ti)/BR(µ→ eγ) is in general smaller than the 0.04
obtained in the scan of Fig. 4.9. The reason why this ratio is not improved at larger values
of MSUSY than 1 TeV is because the acceptable solutions producing the proper SU(2) × U(1)
breaking do not lead to sufficiently light Higgs bosons.
Even without the knowledge of the seesaw parameters, a measurement of CR(µ− e, Ti) and
BR(µ→ eγ), together with information on tan β and the SUSY scale, may allow to shed some
light into the Higgs sector.
4.3 Summary
In this chapter we have extensively studied the lepton flavour violating process of µ− e conver-
sion in nuclei, within the context of the SUSY-seesaw. In particular, we considered two distinct
scenarios, the CMSSM-seesaw, and the NUHM-seesaw, obtained by partially relaxing the uni-
versality conditions of the Higgs boson masses. Throughout our analysis, we compared our
theoretical predictions with the present experimental bounds, and with the challenging future
sensitivities. In fact, the latter may convert processes like CR(µ − e, Ti) into one of the most
sensitive probes to new physics.
We have presented here the first full one-loop computation of the µ− e conversion in nuclei,
including the complete set of SUSY-loop diagrams: γ-mediated, Z- and Higgs-boson mediated
penguins and box diagrams. We have also provided the full analytical results working in terms
of physical eigenstates (for all intervening SUSY and Higgs particles).
For the CMSSM-seesaw, we have considered the dependence of the conversion rates on the
several parameters defining the scenario. Choosing the well known SPS benchmark points to
specify the CMSSM parameters, we focused on the most relevant parameters in the neutrino
sector, namely on the heavy neutrino masses (mNi), the complex θi mixing angles and the
still undetermined angle of the UPMNS matrix, θ13. As discussed here, the CRs exhibit a very
pronounced dependence on the previous parameters, with variations that can reach up to ten
orders of magnitude in the case of mNi and up to five orders of magnitude in the cases of θi and
θ13, for the investigated ranges. In turn, this strong dependence implies that a comparison of
the theoretical predictions with the present experimental bound allows to derive indirect upper
bounds for the unknown seesaw parameters.
We have pointed out that the highest sensitivity is found for the case of hierarchical heavy
neutrinos. In this case, the conversion rates are essentially dependent on mN3 and θ1,2, manifest-
ing an extreme sensitivity to θ13 (for the case of vanishing θi). In fact, the values of these param-
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eters in the upper part of their studied intervals, 1012GeV ≤ mN3 ≤ 1015GeV, 0 ≤ |θ1,2| < π,
0 ≤ arg θ1,2 ≤ π/2 and 0◦ ≤ θ13 ≤ 10◦ are already in conflict with the present upper bounds on
CR(µ− e, Ti) and CR(µ− e, Au).
We have put special emphasis on the sensitivity of the CR(µ− e,Ti) to θ13, given that either
a measurement, or a more stringent bound on this parameter is expected in the near future [90–
99]. Therefore, and once θ13 is measured, a dedicated study of the µ− e conversion rates could
provide some insight into the potentially unreachable heavy neutrino parameters.
In all the studied examples of the CMSSM-seesaw, the dominant contribution to the µ− e
conversion rates clearly arises from the photon-penguins. Even though we have verified that
the Higgs contributions do indeed grow with tan6 β, they induce contributions which are several
orders of magnitude below those of the photon (which grow as tan2 β) for all the studied interval
5 ≤ tan β ≤ 50. A very interesting departure from this situation occurs when one relaxes the
universality condition for the Higgs soft breaking masses, and this fuelled our interest to consider
the NUHM-seesaw.
In the case of the NUHM-seesaw, we explored the influence of the non-universality hypothesis
of the soft-SUSY breaking massesMH1,2 on the µ−e conversion rates. The δ1 and δ2 parameters
which describe the departure from universality in the Higgs sector have an important impact
on the predicted Higgs boson masses. In particular, we have found regimes for δ1,2 with very
interesting phenomenological implications, namely the possibility of a light Higgs spectrum, even
in the limit of large soft SUSY masses. As a concrete example, we recall that for the reference
choice of δ1 = −1.8, δ2 = 0, we find mH0 = 113, 174 and 127 GeV for MSUSY = 250, 500, 850
GeV respectively (in turn associated with moderate, heavy and very heavy SUSY spectra).
The distinctive NUHM-seesaw scenarios associated with light H0 bosons and a relatively
heavy SUSY spectra induce very interesting and unique predictions for the µ − e conversion
rates. Specifically, we have shown that in the large MSUSY = M0 = M1/2 region (e.g. above
700 GeV), there is a strong enhancement in the Higgs-dominated rates, leading to a remarkable
loss of correlation between the CRs in nuclei and the BRs of µ → eγ decays. As we aimed
at illustrating in Fig. 4.8, the departure from the linear correlation of these two observables
can be sizable. It is worth stressing that if both these rates and θ13 are measured, values of
BR(µ→ eγ) and CR(µ−e, Ti) that clearly deviate from the expected SUSY-seesaw ratio in the
photon-dominated case, can provide indirect information into the structure of the Higgs sector.
It is also important to remark that with the expected future sensitivities, µ − e conversion
in nuclei may be sensitive to LFV signals that lie beyond the reach of the future sensitivities to
µ→ eγ decays. For example, this can occur for a heavy SUSY spectrum, and very small values
of θ13.
Finally, we considered the predictions for the ratio CR(µ−e, Ti)/BR(µ→ eγ) as a a function
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of mH0 in NUHM-seesaw scenarios, comparing the results with those obtained for the CMSSM-
seesaw case. The most important conclusion to be drawn from this study (which is presented
in Fig. 4.9) is that in the NUHM-seesaw one can observe a clear deviation from the constant
prediction of the CMSSM-seesaw by as much as a factor close to 10. If such deviation is indeed
observed, we can obtain some indirect hints regarding the SUSY Higgs sector.
Conclusions
Neutrino physics, in particular neutrino oscillations and the measured neutrino mass differences,
strongly manifest that Nature does not conserve the lepton flavour quantum number in the
neutrino sector. However, it is not known yet if lepton flavour violation also occurs in the
charged lepton sector. If such is the case, one still has to address if LFV in the neutral and
charged lepton sectors arises from a common or different origin. It is well known that if the
Standard Model of Particle Physics is extended with right-handed neutrinos and the seesaw
mechanism is implemented in order to accommodate the present data on neutrino masses and
mixings, the corresponding loop induced LFV in the charged lepton sector is extremely tiny and
hopeless to be experimentally observed. Therefore, a potential future measurement of LFV in
the charged lepton sector will provide a unique insight into the nature of new physics beyond
the SM.
Among the various candidates for physics beyond the SM that produce potentially observable
effects in LFV processes, one of the most appealing are supersymmetric extensions of the SM,
where the seesaw mechanism with three heavy right-handed neutrinos is implemented to generate
three light neutrino masses. In these SUSY-seesaw models a new source of LFV appears in the
off-diagonal elements of the slepton and sneutrino mass matrices, which can be radiatively
generated from the neutrino Yukawa interactions. The size of these elements is governed by the
strength of the neutrino Yukawa couplings and, in the case of Majorana neutrinos, the latter can
be large, of the order of one. Important LFV effects in the charged lepton processes are then
induced by the flavour violating slepton-lepton and sneutrino-neutrino interactions that appear
in the contributing SUSY-loop diagrams to these processes.
In this thesis we have been performed a detailed analysis of the most important phenomeno-
logical implications of these LFV effects in SUSY-seesaw models, and we have explored the
possibility of using a potential measurement of LFV as an indirect test of SUSY and the seesaw
mechanism via right-handed neutrinos. Concretely, we have developed an exhaustive study of
the following lepton flavour violating processes within constrained SUSY-seesaw scenarios: LFV
radiative decays lj → li γ, LFV Higgs decays H → lj l¯i, LFV leptonic decays into three leptons




We have first studied in Chapter 2 the LFV radiative decays lj → li γ, the LFV Higgs decays
H → lj l¯i and the LFV leptonic decays into three leptons of equal flavour lj → 3 li, within the
constrained SUSY-seesaw scenarios introduced in Chapter 1. Our results for lj → 3 li decays
and LFV Higgs decays are the first ones in the literature that are complete to one-loop order
in the context of SUSY-seesaw and are referred to the physical basis for all the particles in the
loops. We have indeed corrected some errors of partial results for lj → 3 li channels of previous
works.
The previous studies have been developed for both scenarios with either degenerate or hier-
archical light and heavy neutrinos. We have shown that the case of hierarchical neutrinos with
complex θi leads in general to much larger LFV rates than the case of degenerate neutrinos.
Besides, we have found that the most relevant parameters in the hierarchical case are θ1, θ2, the
heaviest right-handed neutrino mass mN3 and tanβ.
We have also analysed in detail the sensitivity of the BRs to θ13. In the simplest case of
θi = 0, where there are no additional neutrino mixings other than those in the UPMNS, we
have found a very pronounced sensitivity to θ13 in the leptonic decay channels involving µ− e
transitions, concretely in µ → e γ and µ → 3 e. Varying θ13 from 0◦ to 10◦ and for a large
region of the SUSY-seesaw parameter space, the branching ratios for these processes increase by
up to six orders of magnitude, exceeding in many cases the present experimental bounds. The
decay µ→ e γ has the most competitive experimental bound and hence it provides the highest
sensitivity to θ13 at present. The channels involving τ − e transitions are very sensitive to θ13
too, but unfortunately this sensitivity is not experimentally reachable yet.
The case of θi 6= 0 reduces the sensitivity of the BRs to θ13, but we have shown in this thesis
that it can be still important. From our analysis summarised in Fig. 2.16 of the correlations
between BR(µ → e γ) and BR(τ → µγ) and the comparison with their experimental bounds,
we have concluded that it is already possible at present to extract θ13-dependent upper bounds
on mN3. With the planned MEG sensitivity to BR(µ→ e γ) of 10−13 these bounds will improve
considerably. In consequence, one of the most appealing outcomes of this thesis is that an
hypothetical joint measurement of the LFV branching ratios, θ13 and the sparticle spectrum
will be a powerful tool for giving some hints of the right-handed neutrino masses.
Although the LFV radiative decays are sensitive to the SUSY and right-handed neutrino
sectors, they are not sensitive at all to one of the clue pieces of the SM and SUSY models, the
Higgs sector. Moreover, we have shown in this thesis that the other two kinds of LFV processes
analysed in Chapter 2, LFV Higgs decays and LFV lj → 3 li decays, cannot supply information
about the Higgs sector at present either. On the one hand, in spite of the large rates obtained
here for LFV Higgs decays of about 10−5, they are unfortunately not yet at the reach of the
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future experimental sensitivity of 10−4 at LHC [191] and e+e− and µ+µ− colliders [192]. On
the other hand, LFV leptonic decays lj → 3 li do receive contributions from Higgs-mediated
diagrams, but in these channels the photon-mediated contributions dominate by far over the
rest, even in scenarios with very heavy SUSY spectra and light Higgs bosons. Therefore, in
the scenarios considered here it will not be possible to distinguish any kind of Higgs signs from
lj → 3 li decays.
Fortunately, we have found that some LFV semileptonic τ decays and µ − e conversion in
nuclei are very sensitive to the Higgs sector and, in some cases, the Higgs-mediated contributions
can be even the dominant ones. Then, these LFV processes, apart from being useful for indirect
SUSY searches and for tests of the heavy neutrino sector, they can provide us some extra
information about the Higgs sector.
We have developed a detailed study of LFV semileptonic τ decays in Chapter 3, where we
have presented a complete one-loop computation of the branching ratios for the LFV semileptonic
τ decays within the CMSSM-seesaw and the NUHM-seesaw scenarios and using a chiral approach
to perform the hadronisation of quark bilinears. We have included both analytical and numerical
results for the different channels: τ → µPP , with PP = π+π−, π0π0,K+K−,K0K¯0; τ → µP
with P = π, η, η′; and τ → µρ, τ → µφ. The analysis of the channels τ → µPP , with
PP = π+π−, π0π0,K0K¯0, and τ → µρ, τ → µφ are, to our knowledge, the first ones in the
literature within the SUSY-seesaw context. In addition, we have compared our predictions for
τ → µK+K− and for τ → µP with P = π, η, η′ with previous predictions in the literature
and found some discrepancies. Our overall conclusion from this study is that, for the CMSSM-
seesaw scenario, τ → µγ is the most competitive τ decay channel in testing the values of the
LFV parameter δ32, but it is not sensitive at all to the Higgs sector. Within the NUHM-
seesaw scenario we have found a different and interesting result. Concretely, we have proved
that the most competitive channels to explore simultaneously LFV and the Higgs sector are
τ → µη, τ → µη′ and also τ → µK+K−. The τ → µK+K− channel is certainly more efficient
than τ → 3µ as far as the sensitivity to the Higgs sector is concerned. Otherwise, the golden
channels to tackle the Higgs sector are undoubtely τ → µη and τ → µη′. On the other hand,
the rest of the studied semileptonic channels will not provide additional information on LFV
with respect to that provided by τ → µγ. We have also derived a set of approximate formulae
valid at large tanβ and large MSUSY, which are useful for present and future comparison with
data.
We have extensively studied in Chapter 4 the lepton flavour violating process of µ − e
conversion in nuclei, within the context of SUSY-seesaw. Throughout our analysis, we compared
our theoretical predictions for several nuclei with the present experimental bounds, and with the
challenging future sensitivities for the Titanium nucleus. This last LFV process considered in
this thesis becomes very interesting for several reasons. First, in some cases, within the NUHM-
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seesaw scenario, the Higgs-mediated contributions to µ − e conversion in nuclei compete with
the γ-mediated ones and we can obtain some information about the Higgs sector. In addition,
this process also manifests a strong sensitivity to θ13 and given that either a measurement, or a
more stringent bound on this parameter is expected in the near future [90–99], a dedicated study
of the µ− e conversion rates could provide some insight into the heavy neutrino parameters like
mN3. Finally, in the future, with the expected sensitivities [64], µ − e conversion in Titanium
can clearly be more competitive for the study of LFV in SUSY-seesaw models than µ → eγ,
and certainly provide an important tool for the study of the Higgs sector and the SUSY-seesaw
parameters.
To sum up, from the results shown in this thesis, we conclude that, at present, the best
channels to test LFV in SUSY-seesaw models are µ→ e γ and τ → µγ decays which, together
with low-energy neutrino data and a potential measurement of θ13, can help to perform indirect
searches of SUSY and even provide some insight into the otherwise unreachable heavy neutrino
masses. On the other hand, in the future, if the expected sensitivity of PRISM experiment [64]
is attained, the most competitive LFV channel will be undoubtely µ−e conversion in Titanium,
since its sensitivity to LFV signals will lie beyond those of µ → e γ and τ → µγ decays.
In addition, an hypothetical measurement of CR(µ − e, Ti) and BR(µ → e γ), together with
information on tanβ and the SUSY scale, may allow to shed some light into the Higgs sector.
The overall conclusion of this thesis is that LFV processes constitute an useful and powerful
tool for exploring the interesting phenomenology of SUSY-seesaw models and, together with low-
energy neutrino data, they can provide some information about the SUSY and Higgs sectors
as well as insights into the heavy neutrino sector and the seesaw parameters. Moreover, if we
were not able to find LFV in experiments, it is clear from this thesis that the present and future
expected bounds on the LFV processes studied here do restrict severely the SUSY and seesaw
parameters of these models.
Conclusiones
La f´ısica de neutrinos, en particular las oscilaciones de neutrinos y las diferencias medidas
entre sus masas, indica fuertemente que la Naturaleza no conserva el nu´mero cua´ntico de sabor
lepto´nico en el sector de los neutrinos. No obstante, todav´ıa no se sabe si la violacio´n del
sabor lepto´nico se da tambie´n en el sector de los leptones cargados. Si e´ste es el caso, todav´ıa
tendr´ıamos que averiguar si la violacio´n del sabor lepto´nico en los sectores de leptones neutros y
cargados proviene de un origen comu´n o distinto. Es bien sabido que si el Modelo Esta´ndar de
F´ısica de Part´ıculas se extiende con neutrinos dextro´giros y se introduce el mecanismo de seesaw
para acomodar los datos experimentales actuales de masas y mezclas de los neutrinos, la LFV en
el sector de los leptones cargados, inducida por los correspondientes loops, es extremadamente
pequen˜a y no se espera observarla experimentalmente. Por lo tanto, una potencial medida futura
de LFV en el sector de los leptones cargados proporcionara´ informacio´n u´nica acerca de la nueva
f´ısica ma´s alla´ del SM.
Entre los varios candidatos de f´ısica ma´s alla´ del SM que producen efectos potencialmente
observables en procesos LFV, uno de los ma´s llamativos son las extensiones supersime´tricas del
SM, en las cuales el mecanismo de seesaw con tres neutrinos dextro´giros se implementa para
generar tres masas ligeras de neutrinos. En estos modelos SUSY-seesaw aparece una nueva fuente
de LFV en los elementos no diagonales de las matrices de masa de los sleptones y los sneutrinos,
que se generan radiativamente a partir de las interacciones de Yukawa de los neutrinos. El
taman˜o de estos elementos viene gobernado por la fuerza de los acoplamientos de Yukawa de los
neutrinos y, en el caso de neutrinos de Majorana, estos u´ltimos pueden ser grandes, de orden
uno. Entonces, pueden inducirse efectos LFV importantes en los procesos de leptones cargados
por las interacciones slepto´n-lepto´n y sneutrino-neutrino que violan el sabor lepto´nico, y que
aparecen en los diagramas con loops supersime´tricos que contribuyen a estos procesos.
En esta tesis hemos desarrollado un ana´lisis detallado de las implicaciones fenomenolo´gicas
ma´s importantes de estos efectos LFV en los modelos SUSY-seesaw, y hemos investigado la
posibilidad de usar una medida de LFV como un test indirecto de SUSY y del mecanismo de
seesaw v´ıa neutrinos dextro´giros. Concretamente, hemos realizado un estudio exhaustivo de los
siguientes procesos que violan el sabor lepto´nico dentro de escenarios SUSY-seesaw restringidos:
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desintegraciones radiativas LFV lj → li γ, desintegraciones LFV de los bosones de Higgs H →
lj l¯i, desintegraciones lepto´nicas LFV en tres leptones de igual sabor lj → 3 li, desintegraciones
LFV del tau semilepto´nicas τ → µPP y τ → µP y conversio´n µ− e en nu´cleos.
Primero hemos estudiado, en el Cap´ıtulo 2, las desintegraciones radiativas LFV lj → li γ,
las desintegraciones LFV de los bosones de Higgs H → lj l¯i y las desintegraciones lepto´nicas
LFV en tres leptones de igual sabor lj → 3 li, dentro de los escenarios SUSY-seesaw restringidos
introducidos en el Cap´ıtulo 1. Nuestros resultados de las desintegraciones lj → 3 li y de las
desintegraciones LFV de los bosones de Higgs son los primeros ca´lculos completos a un loop en
la literatura, dentro del contexto SUSY-seesaw, y que se refieren a la base f´ısica para todas las
part´ıculas en los loops. De hecho, hemos corregido algunos errores de resultados parciales en
trabajos previos para los canales lj → 3 li.
Estos estudios se han desarrollado en escenarios tanto degenerados como jera´rquicos para los
neutrinos ligeros y pesados. Hemos mostrado que el caso de neutrinos jera´rquicos con θi com-
plejos conduce en general a tasas LFV mucho ma´s grandes que el caso de neutrinos degenerados.
Adema´s, hemos encontrado que los para´metros ma´s relevantes en el caso jera´rquico son θ1, θ2,
la masa del neutrino dextro´giro ma´s pesado mN3 y tanβ.
Tambie´n hemos analizado en detalle la sensibilidad de los cocientes de ramificacio´n a θ13.
En el caso ma´s simple de θi = 0, donde no hay ma´s mezcla de neutrinos que la que proviene
de la matriz UPMNS, hemos encontrado una sensibilidad muy pronunciada a θ13 en los canales
de desintegracio´n lepto´nicos que involucran transiciones µ − e, concretamente en µ → e γ y
µ → 3 e. Variando θ13 de 0◦ a 10◦ y para una regio´n grande del espacio de parametros SUSY-
seesaw, los cocientes de ramificacio´n de estos procesos se incrementan hasta seis o´rdenes de
magnitud, sobrepasando en algunos casos las cotas experimentales actuales. Los canales que
involucran transiciones τ − e son tambie´n muy sensibles a θ13, pero desafortunadamente esta
sensibilidad no se puede alcanzar todav´ıa experimentalmente.
El caso de θi 6= 0 reduce la sensibilidad de los BRs a θ13, pero en esta tesis hemos mostrado
que au´n puede ser importante. De nuestro ana´lisis, en Fig. 2.16, de las correlaciones entre
BR(µ→ e γ) y BR(τ → µγ) y de la comparacio´n con sus cotas experimentales, hemos concluido
que actualmente ya es posible extraer cotas superiores paramN3 dependientes de θ13. Estas cotas
mejorara´n considerablemente con la sensibilidad de 10−13 planeada en MEG para BR(µ→ e γ).
En consecuencia, una de las conclusiones ma´s llamativas de esta tesis es que una hipote´tica
medida conjunta de los cocientes de ramificacio´n LFV, de θ13 y del espectro supersime´trico,
proporcionara´ una poderosa herramienta para obtener pistas sobre las masas de los neutrinos
dextro´giros.
Aunque las desintegraciones radiativas LFV son sensibles a los sectores SUSY y de los neu-
trinos dextro´giros, no lo son en absoluto a una de las piezas clave del SM y de los modelos
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supersime´tricos: el sector de Higgs. Ma´s au´n, en esta tesis hemos mostrado que los otros dos
tipos de procesos LFV analizados en el Cap´ıtulo 2, las desintgraciones LFV de los bosones de
Higgs y las desintegraciones lj → 3 li, tampoco pueden suministrar en la actualidad informacio´n
acerca del sector de Higgs. Por un lado, a pesar de los BRs grandes obtenidos para las desin-
tegraciones LFV de los bosones de Higgs, de alrededor de 10−5, desfortunadamente no esta´n
todav´ıa al alcance de las sensibilidades experimentales futuras de 10−4 del LHC [191] y de los
colisionadores e+e− y µ+µ− [192]. Por otro lado, las desintegraciones LFV lepto´nicas lj → 3 li
reciben contribuciones de los diagramas mediados por los bosones de Higgs, pero en estos canales
las contribuciones mediadas por el foto´n dominan por mucho sobre el resto, incluso en escenarios
con espectros SUSY muy pesados y bosones de Higgs ligeros. Por consiguiente, en los escenarios
considerados aqu´ı no sera´ posible distinguir ningu´n tipo de sen˜ales del sector de Higgs a partir
de las desintegraciones lj → 3 li.
Afortunadamente, hemos obtenido que algunas desintegraciones LFV semilepto´nicas del τ
y la conversio´n µ − e en nu´cleos son muy sensibles al sector de Higgs y, en algunos casos, las
contribuciones mediadas por los bosones de Higgs pueden incluso ser las dominantes. Por tanto,
estos procesos LFV, aparte de ser u´tiles para bu´squedas indirectas de SUSY y para sondear el
sector de los neutrinos pesados, pueden proporcionarnos informacio´n extra sobre el sector de
Higgs.
Hemos realizado un estudio detallado de desintegraciones LFV del τ semilepto´nicas en el
Cap´ıtulo 3, donde hemos presentado un ca´lculo completo a un loop de los cocientes de rami-
ficacio´n para estas desintegraciones semilepto´nicas dentro de los escenarios CMSSM-seesaw y
NUHM-seesaw, usando un contexto quiral para los bilineares de quarks. Hemos incluido los
resultados tanto anal´ıticos como nume´ricos para los diferentes canales: τ → µPP , con PP =
π+π−, π0π0,K+K−,K0K¯0; τ → µP con P = π, η, η′; y τ → µρ, τ → µφ. Nuestro ana´lisis de los
canales τ → µPP , con PP = π+π−, π0π0,K0K¯0, y τ → µρ, τ → µφ son, por lo que sabemos, los
primeros en la literatura dentro del contexto SUSY-seesaw. Adema´s, hemos comparado nuestras
predicciones para τ → µK+K− y para τ → µP con P = π, η, η′ con predicciones previas en
la literatura y encontrado algunas discrepancias. Nuestra conclusio´n general de este estudio es
que, para el escenario CMSSM-seesaw, τ → µγ es el canal de desintegracio´n ma´s competitivo
para chequear los valores del para´metro LFV δ32, pero no es sensible al sector de Higgs. En
el escenario NUHM-seesaw hemos encontrado un resultado diferente interesante. En particular,
hemos visto que los canales ma´s competitivos para explorar simulta´neamente la LFV y el sector
de Higgs son τ → µη, τ → µη′ y tambie´n τ → µK+K−. Este u´ltimo canal es ma´s eficiente
que τ → 3µ en lo que se refiere a la sensibilidad al sector de Higgs. Au´n as´ı, los mejores
canales para sustraer informacio´n del sector de Higgs son, indudablemente, τ → µη y τ → µη′.
Por el contrario, el resto de los canales semilepto´nicos estudiados no proporcionan informacio´n
adicional sobre la LFV respecto a la proporcionada por τ → µγ. Tambie´n hemos derivado un
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conjunto de fo´rmulas aproximadas va´lidas a gran tan β y gran MSUSY, que son u´tiles para la
comparacio´n con los datos experimentales actuales y futuros.
En el Cap´ıtulo 4 hemos estudiado a fondo el proceso de conversio´n µ− e en nu´cleos, dentro
del contexto de SUSY-seesaw. A trave´s de nuestro ana´lisis, hemos comparado nuestras predic-
ciones teo´ricas para varios nu´cleos con las cotas experimentales presentes, y con la prometedora
sensibilidad futura para el nu´cleo de Titanio. Este u´ltimo proceso LFV considerado en esta
tesis es muy interesante por varios motivos. Primero, en algunos casos, dentro del escenario
NUHM-seesaw, las contribuciones mediadas por el Higgs a la conversio´n µ− e en nu´cleos com-
piten con las mediadas por el foto´n y podemos obtener informacio´n adicional sobre el sector de
Higgs. Adema´s, este proceso tambie´n manifiesta una fuerte sensibilidad a θ13 y dado que se
espera obtener, en un futuro pro´ximo, una medida o una cota mucho ma´s restrictiva de este
a´ngulo [90–99], un estudio ma´s exhaustivo podr´ıa aportar alguna luz sobre los para´metros de
los neutrinos pesados como mN3. Finalmente, en el futuro, con la sensibilidad esperada [64], la
conversio´n µ− e en Titanio puede claramente ser ma´s competitiva que µ→ eγ para el estudio
de la violacio´n del nu´mero lepto´nico en los models SUSY-seesaw, y constituir una importante
herramienta para el estudio del sector de Higgs y de los para´metros SUSY-seesaw.
Para resumir, de los resultados mostrados en esta tesis, concluimos que, actualmente, los
mejores canales para comprobar la violacio´n del sabor lepto´nico en los modelos SUSY-seesaw
son las desintegraciones µ→ e γ y τ → µγ que, junto con los datos experimentales de neutrinos
a bajas energ´ıas y una potencial medida de θ13, pueden ayudar al desarrollo de bu´squedas indi-
rectas de SUSY e incluso proporcionar alguna informacio´n acerca de las masas de los neutrinos
pesados, inalcanzables de otra manera. Por otro lado, en el futuro, si se consigue la sensibilidad
esperada del experimento PRISM [64], el canal LFV ma´s competitivo sera´ sin duda la conversio´n
µ−e en Titanio, ya que su sensibilidad a sen˜ales LFV se encontrara´ ma´s alla´ de las de µ→ e γ y
τ → µγ. Adema´s, una medida hipote´tica de CR(µ−e, Ti) y BR(µ→ e γ), junto con informacio´n
sobre tan β y la escala SUSY, puede mostrarnos alguna sen˜al del sector de Higgs.
La conclusio´n general de esta tesis es que los procesos LFV constituyen una herramienta muy
u´til y poderosa para explorar la interesante fenomenolog´ıa de los modelos SUSY-seesaw y, junto
con los datos experimentales de los neutrinos a bajas energ´ıas, pueden suministrar informacio´n
sobre los sectores de Higgs y SUSY, as´ı como pistas acerca del sector de los neutrinos pesados
y los para´metros del seesaw. Ma´s au´n, si no fue´ramos capaces de encontrar violacio´n del sabor
lepto´nico en los experimentos, esta´ claro, a ra´ız de esta tesis, que las cotas actuales y futuras
de los procesos LFV estudiados restringen severamente los para´metros SUSY y seesaw de estos
modelos.
Appendix A
Relevant Feynman rules and
couplings for LFV processes
In this appendix we collect the Feynman rules for the interactions and the formulae for the
couplings that are relevant in this thesis. The couplings are expressed in the physical eigenstate
basis, for all the MSSM sectors involved: sleptons l˜X (X = 1, .., 6), sneutrinos ν˜X (X = 1, 2, 3),
neutralinos χ˜0A (A = 1, .., 4), charginos χ˜
−
A (A = 1, 2) and the neutral Higgs bosons Hp (p =
1, 2, 3) = h0,H0, A0.
The notation for the SM parameters that appear in the following couplings is as follows:
g is the SU(2) gauge coupling, mf is the fermion mass, mW , mZ are the W -boson and Z-
boson masses, respectively, and θW is the weak angle. We use sometimes the short notation
sw = sin θW and cw = cos θW .
A.1 χ˜0f f˜ interactions
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Here, R(l), R(d), R(u) are the 6 × 6 rotation matrices for the charged slepton, down squark and
up squark sectors, respectively, and N is the 4× 4 rotation matrix for the neutralino sector. For
completeness, we have written the full set of couplings, including the three fermion generations.
The displayed notation for the sfermion rotation matrices with three entries R( , , ) correspond
with the three generic possibilities to fermion index i. The fermion masses are correspondingly,
mli = me,mµ,mτ ; mdi = md,ms,mb and mui = mu,mc,mt. Notice also that, although we use
the same notation for the squark and slepton sectors, and since we have not included mixing in
the quark nor squark sectors, the 6 × 6 rotation matrices R(d) and R(u) are block diagonal in
flavour space and only L−R mixing occurs in that case.
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A.2 χ˜±f f˜ interactions


























































iAX = −gVA1R(ν)(1,2,3)X . (A.8)
Here R(ν) is the 3 × 3 rotation matrix for the sneutrino sector, and U and V are the 2 × 2
rotation matrices in the chargino sector. The displayed notation for the three entries in the
sfermion rotation matrices is as in the previous neutralino couplings. The rotation matrices for
neutralinos and charginos can be found in [42] and [43].
The Feynman rules for the χ˜± u˜ d interactions are given by










































































































































ie (pµ + qµ) δXY
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A.4 Z boson interactions



































































































B2 − c2WVA1V ∗B1
]
. (A.16)
The Feynman rules for Z l˜ l˜ interactions are given by
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A.5 Higgs boson interactions

















































































−σ(p)∗1 UA2VB1 + σ(p)∗2 UA1VB2
]
. (A.26)












































































































































with Al = (Al)
ii/(Yl)
ii (at the EW scale), i = 1, 2, 3 for l = e, µ, τ , respectively.


















































































































































and the three entries for index (p) = 1, 2, 3 correspond to Hp = h
0,H0, A0, respectively. We have
also used here the standard notation for the low-energy MSSM soft-gaugino-mass parameters
M1,2 and the µ parameter.
Appendix B
One-loop formulae for LFV processes
In this appendix we collect all the analytical results of the SUSY one-loop diagrams that con-
tribute to the LFV processes considered in this thesis. These are summarised by the photon,
Z boson and Higgs boson form factors and box diagrams in Figs. B.1, B.2, B.3, B.4 and B.5,
respectively. In the following sections we present the relevant formulae for each separate contri-
bution. All the couplings are presented in Appendix A and the explicit expressions for all the
loop functions appearing here are collected in Appendix C.
B.1 Form factors for the γ lj li vertex













where q is the off-shell photon momentum, PL,R = (1∓ γ5)/2, e is the positron electromagnetic
charge and mlj is the mass of lepton lj .
In the SUSY-seesaw context the one-loop diagrams that contribute to these form factors are






a , a = 1, 2 . (B.2)
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Figure B.1: Relevant SUSY one-loop diagrams for the photon-mediated contributions to LFV
processes.

























































and the indices are A = 1, .., 4, X = 1, .., 6.



















































where in this case xAX = m
2
χ˜−A
/m2ν˜X and the indices are A = 1, 2, X = 1, 2, 3. Notice that in
both neutralino and chargino contributions a summation over the indices A andX is understood.
Notice also that we have not neglected the O(mli) terms in these formulae.
B.2 Form factors for the Z lj li vertex
Our convention for the form factors FL,R defining the Zljli vertex is as follows:











































Figure B.2: Relevant SUSY one-loop diagrams for the Z-mediated contributions to LFV pro-
cesses.
The contributing SUSY one-loop diagrams are collected in Fig. B.2. The Z-boson form
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where again the indices are A,B = 1, .., 4, X,Y = 1, .., 6 in the contributions from the neutralino
sector and A,B = 1, 2, X,Y = 1, 2, 3 in the contributions from the chargino sector, and a
summation over the various indices is understood.
B.3 Form factors for the H lj li vertex
Our convention for the form factors H
(p)


















































Figure B.3: Relevant SUSY one-loop diagrams for the Higgs-mediated contributions to LFV
processes.
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The contributing SUSY one-loop diagrams are collected in Fig. B.3. As in the previous cases,

























































































































































































































p = 1, 2, 3 . (B.18)
Correspondingly, the result for the chargino contribution H
(p)
L(R),c can be obtained from the
previous H
(p)




DL(R) → WL(R) .
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In the previous formulae, the index p refers to the each of the Higgs bosons. Concretely, Hp =
h0,H0, A0 for p = 1, 2, 3, respectively. The other indices are again A,B = 1, .., 4, X,Y = 1, .., 6
in the contributions from the neutralino sector and A,B = 1, 2 and X,Y = 1, 2, 3 in the
contributions from the chargino sector. A summation over all the indices is also understood.
B.4 Contributions from box diagrams
We present in the following the separate contributions from the neutralino and the chargino
sectors to the box diagrams which are relevant for lj → 3 li decays and µ − e conversion in
nuclei.


























Figure B.4: Box diagrams contributing to lj → 3 li decays.
The box diagrams that contribute to lj → 3 li decays are displayed in Fig. B.4. Our con-
vention for the box contributions has been derived in Eq. 2.21. We again present separately the





a a = 1, ..., 4 . (B.19)
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The indices in the previous formulae are again, A,B = 1, .., 4, X,Y = 1, .., 6 in the contributions
from the neutralino sector and A,B = 1, 2, X,Y = 1, 2, 3 in the contributions from the chargino
sector. A summation over all the indices is also understood.
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Figure B.5: Box diagrams contributing to µ− e conversion in nuclei.
The box diagrams that contribute to µ − e conversion at the quark level are shown in
Fig. B.5. Our convention for the box contributions at the quark level is defined in Eqs. (4.6), (4.7)
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The indices in the previous formulae are again, A,B = 1, .., 4, X,Y = 1, .., 6 in the contributions
from the neutralino sector and A,B = 1, 2, X,Y = 1, 2, 3 in the contributions from the chargino
sector. A summation over all the indices is also understood.
Appendix C
Loop functions
In this appendix we present the analytical expressions of the loop functions for the calculations
of the LFV leptonic τ and µ decays, LFV semileptonic τ decays and µ− e conversion in nuclei.
In these expressions we neglect the external fermion momenta/masses which for the present
computation works extremely well. That is
B(k2,m21,m
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Notice that, for the calculation of LFV Higgs decays, to neglect the external Higgs momentum
is not a good approximation, and consequently, we do not use these expressions but we compute
numerically the full loop functions by means of the public code SPheno2.2.2.
C.1 Two-point functions





2) = − logm22 +



















































































2(m21 −m22)2(m21 −m23)2(m22 −m23)
×
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2(m21 −m22)(m21 −m23)2(m22 −m23)2
×
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Our construction of the vector form factors FPPV (s), defined by Eq. (3.18), follows the idea put
forward in [224] that lie on two key points:
1.- At s ≪ M2R (being MR a generic resonance mass), the vector form factor should match
the O(p4) result of χPT . Hence our form factors will satisfy the chiral constraint.
2.- Form factors of QCD currents should behave softly at high transfer of momenta [214], i.e.
they should vanish for s≫M2R. Accordingly we will demand to our form factors that they
satisfy this asymptotic constraint.
In the NC → ∞ limit resonances have zero-width. However those present in the relevant form
factors in tau decays do indeed resonate due to the available phase space. As a consequence
we need to include energy-dependent widths for the wider resonances ρ(770) and ρ(1450), or






σ3pi(s) θ( s − 4m2pi) +
1
2
σ3K(s) θ( s − 4m2K)
]
, (D.1)
where σP (s) =
√




















ρ′) θ( s − 4m2K)
)
θ( s − 4m2pi) . (D.2)
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The O(p4) determination of the vector form factors was done in [209]. Requiring that our
expressions match that result at small transfer of momentum we get the following expressions:























M2ω − s− iMωΓω
]
− γ s

























M2ω − s− iMωΓω
+ cos2 θV
M2φ
































M2ω − s− iMωΓω
+ cos2 θV
M2φ






























































Notice that the β parameter includes the contribution of the isospin breaking ρ − ω mixing
through Θρω = −3.3 × 10−3GeV2 [226], and FV and GV are defined in Eq. (3.11). Moreover
the asymptotic constraint on the NC →∞ vector form factor indicates FVGV ≃ F 2 [224]. The
mixing between the octet and singlet vector components employed in the construction of the






cos θV − sin θV






and we will use ideal mixing, i.e. θV = 35
◦.
The values of masses and widths for the various resonances are taken from [10].
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